THE JOURNAL 


OF 


BIOLOGICAL CHEMISTRY 


FOUNDED #Y CHRI®TIAN A HARTER AND @UBTAINED IN PAKT HY THE CHRIPTIAN A HERTER 
MEMORTAL FUND 


EDITED FOR THE AMEKICAN SOCIETY OF BIOLOGICAL CHEMISTS 


EDITORIAL BOARD 


RUDOLPH J. ANDERSON ELMER V. McCOLLUM 
REGINALD M. ARCHIBALD WILLIAM C. ROSE 


W. MANSFIELD CLARK ESMOND E. SNELL 
HANS T. CLARKE WARREN M. SPERRY 
CARL F. CORI WILLIAM C. STADIE 
EDWARD A. DOISY EDWARD L. TATUM 
JOSEPH S. FRUTON DONALD D. VAN SLYKE 
WENDELL H. GRIFFITH HUBERT B. VICKERY 

A. BAIRD HASTINGS VINCENT pu VIGNEAUD 
HOWARD B. LEWIS HARLAND G. WOOD 


VOLUME 178 
BALTIMORE 
1949 


* 


1949 


THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS, INC. 


PUBLISHED AT YALE UNIVERSITY FOR 
THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS, INC. 
WAVERLY PRESS, Iwc. 
Batrmwore 2, U.S.A. 


‘ 


~ 


CONTENTS OF VOLUME 178 
No. 1, Marcu, 1949 


PAGE 
CuanutTin, ALFRepD, and Gsessinc, Ertanp C. The effect of partial hepatec- 


tomy, thermal injury, and 8-chloroethy! vesicants on the lipides of plasma 


Ho Bryant R., and Meinke, W. W. The serine requirement of Sirepto- 
coccus faecalis R as a function of the basal medium....................... 7 


McKisain, J. M., and Taytor, Wanpa E. The nitrogenous constituents of the 
tissue lipides. I. The extraction, purification, and hydrolysis of tissue 

McKusain, J. M., and Taytor, E. The nitrogenous constituents of the 
tissue lipides. Il. The determination of sphingosine in tissue lipide 


MAcPHILLAMY, HaRoLp B., and Scuoiz, Caesar R. The synthesis of 17- 

(methyl-C")-testosterone and 37 
Atperr A. The synthesis of prolyleysteinyltyrosine.. ..... 41 
WirreNBEeRG, JONATHAN, and Suemin, Daviv. The utilization of glycine for 

the biosynthesis of both types of pyrroles in protoporphyrin. ..__. 47 


Moore, Sranrorp, and Srein, Witutiam H. Chromatography of amino acids 
on starch columns. Solvent mixtures for the fractionation of protein 


Srem, H., and Moors, STANFORD. Amino acid composition of lacto- 
Srokes, Jacos L., Kopirscnex, Lean K., Rickes, Epwanrp and Woop, 
Tuomas R. Factors affecting the rate of growth of Lestebacillus casei.... 93 
Kickes, Evwarp L., Kocu, Pau J., and Woop, Tuomas R. Additional ob- 
servations on the rate of grow th of Lactobacillus casei... __. _ 103 
Awapara, Jorce. Application of paper chromatography to the estimation of 
some free amino acids in tissues of the rat. : . Ws 
McK unney, L. L., W. F., and Serzxorn, E. Studies on the prepa- 
ration of soy bean protein free 117 
Joseru, and VENNESLAND, The synthesis of tricarboxylie 
acids by carbon dioxide fixation in parsley root preparations......... 133 
BANERJEE, SACHCHIDANANDA, and BHATTACHARYA, GANGAGOBINDA. Studies on 
Roperrs, Sipney, and Wuairr, ABRAHAM. Biochemical characterisation of 


Bennett, Mary Apeuia. The inability of the rat to utilize the methyl groups 
of methionine sulfone and oxidized casein for methylation of homocystine. 163 
Dztew!raTKowsk!, Dominic D., VENKATARAMAN, ALAMELA, and Lewis, Howarp 


B. The metabolism of some branched chain aliphatic acids. . .. 169 
Apramson, Herpertr. The oxidation of unsaturated fatty acid in normal and 


Lerner, AARON BUNSEN, FIvspaTnics, Tuomas B., CALEINs, Evan, and Sum- 
wERSON, H. Mammalian tyrosinase: preparation and properties. 185 
DziewIATKOWSK!I, Dominic D. Rate of excretion of radioactive sulfur and 
its concentration in some tissues of the rat after intraperitoneal administra- 


ill 


iv CONTENTS 


li, Cuon Hao, and Moskowirz, Ultracentrifugation of hypophysea! 

Horrpavir, Carrot L., and Gururie, Joun D. The use of aminized and phos- 
phorylated cotton fabrice as ion exchange materials in the preparation of 

Hamitton, C. F., Power, MARSCHELLE H., and ALBERT, A. Preparation of 

Srimmev, Bensamin F. The effect of zine- e-hydrochloric acid hydrolysis on 

Levin, Louis. The occurrence of a-estradio! in the urine of stallions; its ith. 

Parvee, Arruur B., and Porrer, Van R. Malonate inhibition of oxidations 

Scu_ece., Frances McKee, and Jounson, FRANK The influence of tem- 
perature and hydrostatic pressure on the denaturation of methemoglobin 
by urethanes and salicylate. . 

Gerier, Hevex, Paut M., Joun F., and Brown, Georce 
Boswortn. A study of the motaboliom of dietary hypoxanthine and xan- 

Umpercer, Ernest J., and Cu aris, Jack M. The p- phenylasobensoy! ¢ esters of 
the natural estrogens and their separation by chromatographic adsorption 

Umpercer, Ernest J., and Curtis, Jack M. The use of the sulfurie acid reac- 
tion for the estimation of a- and 8-estradiols and of estrone and equilin in 
binary mixtures in pure solutions. . 

Biro, Ropertr M., and Evans, Joun D. The effect of pH on the r met: iis | 
of rabbit: bene marrow. | 

VENNESLAND, Gout B, Mrata AM Speck, Joun F. The 
boxylases of plants. I. Some properties of oxalacetic carboxylase and its 
quantitative assay. ae 

Speck, Joun F. The elect of sations on the decarboxylation of oxalacetic 
acid. . 

CARTER, Henpert E., Van ABEELE, F. R., and Rornrock, Joun W. A general 
method for the synthesis of a,y-diamino acids | 

Bvovut, ELKAN R., and Fietps, Metvin. Absorption spectra. VII. The infra- 
red spectra of some nucleic acids, nucleotides, and nucleosides 

Mircne i, H. H., and Hamitron, T. 8. The dermal excretion under controlled 
environmental conditions of nitrogen and minerals in human subjects, 
with particular reference to calcium and iron.. 

Yooper, Lesrer, and Tuomas, B.H. Antirachitic of some steroids 

LARNER, Josern, JANDORF, BeRNaRp J., and Summerson, Wituram H. On 
the requirement for ao ema nucleotide in the aerobic metabolism 

Kipper, G. W., and Dewey, Vimornta Cc. The ee activity of substituted 

DzrewlATKOWsKI, Dominic D. On the utilisation of exogenous sulfate sulfur 
by the rat in the formation of ethereal sulfates as indicated by the use of 
sodium sulfate labeled with radioactive sulfur.......... ........ 

Epman, Peur, HaAmMMARSTEN, Er1nar, Low, Benart, and Reicuarp, Prrer. 
tition chromatographic separation of adenine and guanine .__. 

Bappi.ey, J., Enrensvarp, G., and Niisson, I. of alanine labeled 


395 


| 
| 

" 
j 
5! | 
| 
| 
| 
| 
| 
35 | 

5 
| 

73 | 


CONTENTS Vv 


J. W. 
carbobenzoxy-, 


Carrer, Herperr E., and Hinman, 
of p-toluenesulfonyl-, 

SiLVERMAN, Mitton. Interactions of atabrine, thiamine, and cocarboxylase | 

PLroeser, JAMES McT., and Lorine, Huperr 8. The ultraviolet absorption 


Azlactones. VI. The acid halides 
and benzoyl-p-methoxyphenyl-t- 


spectra of the pyrimidine ribonucleosides and ribonucleotides. 431 
Lorinc, Huperr 8., and PLogser, James McT. The deamination of cytidine 
in acid solution and the preparation of uridine and cytidine by acid hy- 
drolysis of yeast nucleic acid .. 439 
ScuuLtTz, Jutius. On the nature of labile protein. 1. The cathepsin II activity 
of the liver and kidney of the fed and fasted rabbit. 451 
Li, Cuou Hao. Studies on pituitary lactogenic hormone. XIII. The amino 
acid composition of the hormone obtained from whole sheep pituitary glands. 459 
Auurrey, V., Tepiy, L. J., Gerren, C., and Kine,C.G. A fluorometric method 
for the determination of pteroylglutamie acid 465 
Maurice. Liver glutaminases. . 483 
Maurice, and GREENSTEIN, Jesse P. Phosphate-activated glutami- 
nase in kidney and other tissues. i 495 
Fopvor, J., Price, Vincent E., and Greenstein, Jesse P. Preparation 
of L- and p-alanine by enzymatic resolution of acetyl-p1t-alanine 503 
McGaniry, W. J., McHenry, E. W., Van Wyck, H. B., and Warr, G. L. An 
effect of pyridoxine on blood urea in human subjects. ..... oil 
Letters to the Editors 
Capps, Beryu F’., Hopns, Norman L., and Fox, Sereck H. <A method for the 
assay of vitamin Bi» 517 
SaKAMI, Warwick. The conversion of glycine into serine in the intact rat. _ $19 
Hicnet, Doris M., and West, Epwarp 8. The effect of methylene blue i in 
preventing alloxan diabetes and in lowering the blood sugar of alloxan- 
diabetic rats. . .. $21 
LyMaN, CaRL M., and Prescorr, J. M. Separation of the growth factors for 
Leuconostoc citrovorum and Lactobacillus leichmannii by means of elec- 
Horr-JORGENSEN, Difference in growth-promoting effect of desoxyribosides 
and vitamin By on three strains of lactic acid bacteria... .............. 525 
Friepkin, Morris, Karckar, Herman M., and Horr-J@rGensen, E. Enzy- 
matic synthesis of desoxyribose nucleoside with desexyribose phosphate 
SprinsON, Davip B. The utilization of the a-carbon atom of glycine for the 
formation of acetic and aspartic acids... 520 
ZAMENHOF, SterPHEN, and CHarGarr, Erwin. Evidence of the exiotenes a a 
core in desoxyribonucleic acids. . 531 
No. 2, ApriL, 1949 
Bowpen, Joun P., and Pererson, W. H. Release of free and bound forms of 
biotin from proteins. . 7 533 
Evans, Ropert Jonn, and Burrs, Hen EN A. “Studies on the heat inactivation 
of methionine in soy bean oil meal . AB 


| 
403 
| 423 

| 
| 
| 
24) 

| 
| 

f | 
n | 
Zio 
Thi 
| 
1s 
ic | 
thi | 
295 | 

| 

B35 
ed 
ts, | 

363 

sm 

373 | 
ted 
383 
fur | 
of 
380 
305 
led 
309 


vi CONTENTS 


Herret, Leon A., and Virainta T. Metabolism of inorganic ni- 
trite and nitrate esters. I. The coupled oxidation of nitrite by peroxide- 

Pucner, Georce W., and Vickery, Hupert Braprorp. The metabolism of 
the organic acide of tobacco leaves. I. Effect of culture of excised leaves 


Meister, Aton. Metabolism of 3,5-diketohexanoic acid and its 5- lactone 

VENNESLAND, Birorr. The 8-carboxylases of plants. II. The distribution 

of oxalacetic carboxylase in plant tissues. ; 591 
Srropino, Louis J., and Farr, Lee E. The relation to. age end function of 

regional variations in nitrogen and ash content of bovine bones .... __.. 599 


Frrepkin, Morris, and Lennincer, Atsert L. Esterification of inorganic 
phosphate coupled to electron transport between dihydrodiphosphopyridine 

LeEHNINGER,ALBERTL. Esterification of inorganic phosphate coupled to electron 
transport between dihydrodiphosphopyridine nucleotide and oxygen. II... 625 

EvKins-KaurMan, Evarne, and Nevratu, Hans. Structural requirements for 
specific inhibitors of carboxypeptidase ..................... 645 

Meyernor, Orro, and Green, Harry. Synthetic action of phosphatase. 

Riaos, Tuomas R., and Hecsrep, D. Mark. Some factors the acetyl. 
ation of »-aminobensoie acid im the rat............ 

Sraprman, E. R., Staprman, Turessa C., and Barker, H. “Ss Tracer experi- 
ments on the mechanism of synthesis of valeric and caproic acids by Clos- 


tridium kluyveri....... 677 
Horecker, B. L., and Herre, Leon A. ‘The reduction of cy tochrome c by 
xanthine oxidase 683 


AWAPARA, JORGE, and Manvin, Horace N, ‘The relative absorption of intra- 
venously administered amino acids by the liver, kidney, and muscle of 


GREENSTEIN, Jesse P., and Price, Vincent E. a- Keto acid- activated glu- 

Scuweicert, B. 8. Enzymatic conversion of 3- hydroxyanthranilic acid to 


Carrer, Herpert E., and ZIRKLE, Cuar.es L. Synthesis of a-amino-§-hy- 
droxy-n-butyric acids. VIT. An improved synthesis of pti-allothreonine.. 709 
Reirer, I., and Metvitie, J. The source of ammonia in plant tissue extracts. 
Prescort, J. M., Scuweicert, B.8., Lyman, Cart M., and KuKen, K. A. ‘The 
effect of p- tryptophan on the utilisation of the L isomer by some lactic 
Scumipt, GERHARD, Hecur, LisE.orte, and THannuavuser, 8. J. The effect of 
potassium ions on the absorption of orthophosphate and the formation of 


Harmon, Kent M., and Niemann, Cari. The hydrolysis of N- benzoyl-1 L- 


Hirscumann, H., Hirscumann, Friepa B., and Daus, MarGarer A. The 
of the allopregnanetriol3, 16,20 of the urine of pregnant 


| 
| 
| 
( 
| 


CONTENTS Vu 


Cornatzer, W. E., and Artrom, Camitio. The relation of chemical structure 

to the stimulation of lipide phosphorylation......... .. 8 
Hoipen, Josern T., FurmMAN, CAROLYN, and SNELL, Esmonp E. The vitamin 

Be group. XVI. p-Alanine and the vitamin B, content of microorganisms. . 789 
Ho.pen, Joseru ThevitaminBegroup. XVII. The 


relation of p-alanine and vitamin Bs, to growth of lactic acid bacteria 799 
BinkKLEY, Francis. Formation of mercapturic acids by cystinuric and normal 


BinkKuey, Francis. The source of sulfate in the formation of ethereal sulfates 821 
Szeco, Ciara M., and Roperts, Sipney. The influence of ovariectomy on the 
chemical composition of regenerating rat liver sss... 827 
Roe, Joseru H., Ersrein, Jerome H., and Goupsrern, Norman P. A photo- 
metric method for the determination of inulin in plasma and urine 8339 
Torrer, Joun R., Amos, Estuer S., and Keita, Cectura K. The influence of 
pteroyighutamic acid on glycine and on porphyrin metabolism. S47 
Biacksurn, C. R. B. The role of lead in the reduction of the erythrocy te 
sedimentation rate by hyaluronidase... i 
Wooprurr, Cavin W., CuerrInGToN, Mary E..en, STocKELt, and 
DarBy, WILLIAM J. The effect of pteroylglutamie acid and related com- 
pounds upon tyrosine metabolism in the scorbutic guinea pig __. 861 
Wootey, Jeratp G., and Murrny, Marie K. Metabolic studies on T, Esche- 
richia colt bacteriophage. I. A study of eee inhibition and 
its reversal. soo 
Geicer, E., and Dev wn, H. 2 On the failure to utilize « a- -aminoadipic acid as 
a precursor of lysine by rats and certain bacteria........ 877 
Connors, WittiamM M., and Srotz, Ermer. The purification and properties 
of a triacetic acid- hydrolyzing enzyme 
Karusson, J. L., and Barker, H. A. Tracer experiments on the mechanism 
of uric acid decomposition and acetic acid synthesis by Clostridium acidi- 


Bernuem, Frederick, and BERNHEIM, Mary L. C. The effect of various com- 
pounds on urea formation by rat liver slices..... ... 003 
Heimnricu, Mirron R., and Marriti, H. A. The creatine content of the liver 
in the muscular dy strophy of vitamin E deficiency......___. Onl 
Wiame,J.M. The occurrence and physiological behavior of two metaphosphate 
DziewiaTKowsk!, Dominic D., BENEScH, Ruts E., and Benescn, 
On the possible utilization of sulfate sulfur by the suckling rat for the syn- 
thesis of chondroitin sulfate as indicated by the use of radioactive sulfur. 931 
Seatock, Ropert Rincecy, and Goop.anp, Ruta L. The oxidation of L-tyro- 
sine by guinea pig liver extracts. 939 
Harvey, Cecit C., and Horwirrt, M. K. Exeretion of essential amino » acide 
by men on a controlled protein intake __. . 953 
Rotn, Luoyp J., Lerrer, Eocar, Hooness, Joun R., and LaNcuaé, Waicut H. 
The metabolism of radioactive pentobarbital in mice. Plate]  .._-_—_..._ «963 
ALSTON, ARTHUR W., and Hanp, Marcery E. The effect of 3- indoleacetic 
acid on the response of Lactobacillus arabinosus 17-5 to nicotinamide ..._ 967 
Anker, H.3., and Brocn, Konrap. On the metabolism of A‘**-cholestenone .. 971 
Cracetr, C. O., Totpert, N. E., and Burris, R. H. Oxidation of a- -hydroxy 
acids by enzymes from plants. . 


| 
| 
549 | 
577 | dogs S11 
| 
509 | 
611 
625 
645 
655 
| 
| 
677 
| 
l- 
707 
700 
s. 
715 
he 
ic 
of 
of 
733 
-L- 
743 
he 
int 
751 | 
| 


Vili CONTENTS 


(iarx J., Canrwaiour, Geornce E., and Winrrope, M. 
The effect of pyridoxine de: ciency on the absorption of iron by the rat .. 989 


Letters to the Editors 


Tavuroc, Auvin, Cuatxorr, I. L., and Tone, W. On the vccurrence of 
monoiodotyrosine in the thyroid gland 

Greene, Ricuarp D., Brook, Apranam, J., and McCommacn, R. B. Som 
conditions which affect the assay of vitamin By, with Lactobacillus lactis 


Dorner... 999 
Jounson, B. Connor, and Neumann, A. L. Crystalline vitamin By compared 
to antipernicious anemia liver extract for pig growth ome 1001 


Bartriett, Grant R., Wick, Anne N., and MacKay, Eaton M. The influence 
of insulin and adrenal cortical compounds on the metabolism of radioactive 
C*-glucose in the isolated rat diaphragm......... 1003 
Henverson, L. M. Quinolinic acid excretion by the rat receiving tryptophan 1005 
Weissman, Norman, and Fiswer, Jean. On the significance of magnesium ion 


Crark, W. Mansrievp, Harais, Joseru, and Rosensera, Lawson L. Coordi- 
nation of proteins with ferromesoporphyrin | Ladévedantsck 


Inpex To Votume 178 


| 


wo 

mn 

wl 

OUS 

005 

007 

oll 


| 


THE EFFECT OF PARTIAL HEPATECTOMY, THERMAL 
INJURY, AND 8-CHLOROETHYL VESICANTS ON 
THE LIPIDES OF PLASMA AND PLASMA 
FRACTIONS OF RATS* 


By ALFRED CHANUTIN ano ERLAND C. GJESSING 
(From the Biochemical Laboratory, University of Virginia, Charlottesville) 


(Received for publication, August 23, 1948) 


A review of the literature indicates a paucity of information concerning 
any relationship between injury and lipide changes in the plasma of animals 
or man. After severe injury to dogs, the lipide concentration of several 
plasma protein fractions was increased, while that of the whole plasma was 
not altered (1). The present investigation was undertaken to examine in 
detail the lipides of plasma and plasma protein fractions of rats subjected 
to partial hepatectomy, to scalding, and to intravenous injection of a toxic 
agent (nitrogen mustard). 


Methods 


Inbred male rats of Wistar stock, about 70 days old and weighing be- 
tween 150 and 200 gm., were used as experimental animals. In the first 
group, partial hepatectomy was performed according to the procedure of 
Higgins and Anderson (2); 60 to 75 per cent of total liver was removed; 
laparotomized animals served as controls. Rats in the second group were 
scalded by dipping the clipped backs in hot water at 75° for 40 seconds, 
under anesthesia, so that approximately one-third of the body surface was 
affected. In the third group, approximately 0.3 ml. of a freshly prepared 
saline solution of the nitrogen mustard, tris(8-chloroethyl)amine hydro- 
chloride (HN3), was injected into the exposed jugular vein, so that the 
dose was 0.6 mg. per kilo; saline-injected rats were used as controls. The 
partially hepatectomized and scalded rats were allowed to have food (Pu- 
rina checkers and Gaines dog meal) and water, while the animals injected 
with HN3 were fasted after injection. All experimental procedures were 
carried out under pentobarbital anesthesia. Blood was withdrawn from 
the abdominal aorta and was prevented from clotting with heparin. 

In order to obtain a minimum of 20 ml. of plasma for fractionation, it was 
necessary to sacrifice a number of rats and pool the blood for any given 


oY / * The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and the University of Virginia. 
Under the terms of this contract the Chemical Corps neither restricts nor is respon- 
sible for the opinions or conclusions of the authors. 
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experimental period. Four fractions of rat plasma were obtained according 
to the procedures described by Gjessing and Chanutin (3). 

The fractions and plasma were dried in a desiccator over Py), in vacuo; 
they were crushed in a mortar and returned to the desiccator until the dry 
weights were constant. Weighed aliquots of the dried fractions were 
placed in extraction thimbles and were extracted on a steam bath while 
immersed in absolute alcohol for 5 hours; this was repeated with ab- 
solute alcohol-ethyl ether (1:1) for 5 hours. These two extracts were 
combined and brought to a total volume of 100 ml. with the alcohol- 
ether mixture. Aliquots of this extract were used for the determination 
of cholesterol by a modification of the Schoenheimer-Sperry (4) proce- 
dure. A 25 ml. aliquot was evaporated to dryness and the residue was 
dissolved in and the final volume brought to 25 ml. with petroleum ether. 
Aliquots of this extract were used for the determination of total lipide car- 
bon (5) and for phospholipide phosphorus (6). Cholesterol and phos- 
pholipide values were converted to carbon by standard factors (1). 


Results 


Data for total lipide, cholesterol, and phospholipide carbon of plasma 
and plasma fractions of rats are presented in Figs. 1, 2, and 3 at varying 
intervals after partial hepatectomy, scalding, and injection of a toxic 
agent (HN3). Each point on the chart represents a pooled sample from a 
number of rats. In several instances the values represent the average 
of several determinations on different groups. 

Partial Hepatectomy (Fig. 1)-—Results obtained during the first 10 days 
after partial hepatectomy or laparotomy are shown. The lipide con- 
stituents of whole plasma are increased slightly. The pronounced varia- 
tions of the total lipide concentrations of Fraction I of control and experi- 
mental animals are probably attributable to the trauma of the surgical 
procedure; the increase in phospholipide and cholesterol concentration on 
the 2nd day appears to be associated with liver insufficiency. During the 
first 4 days, the lipide values of Fraction 114111 of the partially hepatec- 
tomized rats are elevated, while those of the controls show little or 
no change. The lipides of Fraction I1V-4 of the laparotomized group. 
decrease immediately after operation, while the values of the partially 
hepatectomized animals remain fairly constant. The albumin-rich Frac- 
tion V contains traces of lipides whose concentrations are not appreciably 
affected. 

Scealding (Fig. 2)-——-A small but definite increase in the lipide concentra- 
tion of the plasma is observed after severe thermal injury. The total 
lipides of Fraction I decrease at the 12th hour and reach a minimum on the 
3rd day; small decreases in the concentrations of phospholipide or choles- 


| 
| } 
| | 
| 


con- 
iria- 
peri- 
rical 
non 
r the 
slec- 
or 
ially 
rac: 
ably 


ntra- 
total 
n the 
yoles- 


LIPIDE CARBON 


GRAMS PER 1OO GRAMS ORY WEIGHT 


A. CHANUTIN AND E. C. GJESSING 3 


FRACTIONS. 
CHOLESTEROL 


PLASMA z m-4 


PHOSPHOL!IPIDE 


~ | st 
| | | A 


TOTAL LIPIOE 


5 

0246610 0246610 02468 2468610 46 B10 
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Fic. 1. Effect of partial hepatectomy on the lipides of plasma and plasma protein 
fractions. The dotted lines represent partially hepatectomized animals and the 
solid lines represent the laparotomized animals. 
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Fic. 2. Effect of thermal injury on the lipides of the plasma and plasma protein 
fractions. 
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terol are observed. An immediate pronounced increase in the lipides 
of Fraction I11+II1 is seen, which reaches a maximum after 21 hours; the 
values gradually decrease but remain elevated on the Sth day. The daily 
variations in the concentration of lipides of Fraction IV-4 are small. No 
change in the concentration was seen in Fraction V. 

Nitrogen Mustard (HN3) (Fig. 3)—The total lipide, phospholipide, and 
cholesterol concentrations of the HN3-injected animals are consistently 
elevated above those of the saline controls in the plasma and in Fraction 
IV-4. The total lipide concentrations of Fraction I1¢+I11 are markedly 
elevated on the 3rd day after injection; the values for the saline groups de- 
crease and remain low. The lipide carbon for Fractions I and V shows no 
appreciable change as a result of injection of a nitrogen mustard. 
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DAYS AFTER INJEC TION OF OF EALINE 


Fic. 3. Effect of intravenous injection of HN3 on the lipides of the plasma and 
plasma protein fractions. The dotted lines represent the HN3-injected and the 
solid lines the saline-injected animals. 


DISCUSSION 


The preceding data demonstrate that the concentrations of lipides, as- 
sociated with the plasma proteins of Fraction II1+III, are consistently 
increased at the time when metabolic processes are acutely affected by 
injury or by a toxic agent. 

The concentrations of the components of the regenerating liver of par- 
tially hepatectomized rats may undergo marked changes. Liver growth is 
most rapid on the 2nd and 3rd days (2, 7), during which time the concen- 
tration of pentose nucleic acid is markedly increased (8). During the Ist 
day increased amounts of lipide are deposited in the liver remnant; on the 
2nd and 3rd days the lipide concentration decreases rapidly (9). The 
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data in these experiments indicate that the total lipide, phospholipide, and 
cholesterol, particularly in Fraction I1+II1, increase during the period of 
greatest liver regeneration. 

After the rats were scalded, the proteins of Fraction 11+ III show marked 
changes in distribution within a few hours (3). A marked decrease in the 
cholesterol ester and ascorbic acid concentrations of the adrenals is seen 
shortly after thermal injury (10). Within a few hours after burning, the 
total lipides decrease markedly in Fraction I and remain depressed; in 
Fraction I1+III they increased sharply and remained elevated. The 
phospholipide and cholesterol concentrations follow the trend of the total 
lipide. These changes are definitely associated with the severe acute 
thermal injury. 

After the intravenous injection of an LD dose of HN3 into rats, 
leucopenia, enteritis, and diarrhea are first manifested prominently on 
the 3rd day. At this time, the adrenal cholesterol ester concentration 
is most depressed (10) and the fatty infiltration of the thymus nuclei is 
most pronounced (11). In the present experiments, the elevations of 
total lipide carbon concentrations of Fractions II+III and IV-4 are most 
marked on the 3rd day after injection. 


SUMMARY 


The concentrations of total lipide, phospholipide, and cholesterol carbon 
of the plasma and four plasma fractions of rats were determined after 
partial hepatectomy, laparotomy, scalding, and after the injection of 
tris(3-choloroethyl)amine (HN3) and saline. 

The concentrations of the lipide constituents of whole plasma were 
slightly increased in the injured animals. The total lipide concentration 
of Fraction II+ III was always elevated when the effects of these injuries 
were most pronounced. Changes in the lipide concentrations of the 
remaining fractions appeared to depend on the experimental procedures. 
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In a previous publication, in which the authors (1) reported an antago- 
nism between serine and threonine, it was postulated that Streptococcus 
faecalis R might be suitable for a serine assay, if the effects of other factors 
on the serine requirement were more clearly understood. Baumgarten et 
al. (2) have reported the use of Streptococcus faecalis R for the microbio- 
logical assay of serine, and others (3, 4) have reported serine to be essential 
for this organism, while Dunn et al. (5) found serine to be non-essential. 

Subsequent work in this laboratory indicates that the Streplococcus 
faecalis R requirement for serine is a function of the basal medium em- 
ployed, rather than being due to unsuspected amino acid impurities. In 
addition to threonine (1), it was found that adenine, guanine, uracil, folic 
acid, citrate, and ferrous iron altered the requirement for serine. 


EXPERIMENTAL 


Source of Materials—The folic acid used in these experiments was syn- 
thetic pteroylglutamic acid (folvite) obtained from the Lederle Labora- 
tories Division, American Cyanamid Company. The folic acid concen- 
trate, potency 4000, was prepared from spinach and was obtained from 
Dr. R. J. Williams, Biochemical Institute, The University of Texas. 

Methods—The experimental technique employed and the culture of 
Streptococcus faecalis R used were the same as those described in an earlier 
publication (1). Medium II of Baumgarten, Mather, and Stone (2), unless 
otherwise indicated, was used with modifications shown in the tables. 


Results 


A comparison of three different media (Table I) for Streptococcus faecalis 
R shows gross differences in the serine growth response. With Medium 
A of Baumgarten et al. (2), serine would be classed as an essential metab- 
olite, while with Medium B of Lyman et al. (6) and Medium C of Stokes 
et al. (7) it would be classed as stimulatory. 

Effect of Adenine, Guanine, and Uracil—It is evident (Table II) that 
these compounds inhibit growth in the absence of serine and in the pres- 
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ence of limiting serine. Individual and combined effects of adenine, 
guanine, uracil, and xanthine tested in the absence of serine (Fig. 1, Curve 


Taste I 
Response of Streptococcus faecalis R on Different Serine-Free Media 
The figures in parentheses refer to the bibliography. No xanthine was added to 
any of the media. Pyridoxine, 16 ) and 20 y respectively, was used in Media B and 
C, instead of pyridoxamine. 


Medium A (2) Medium B (6) Medium C (7) 
pi-Serine 
Titration, 0.1 
7 mi. wi. mi. 
0 0.0 6.43 2.50 
q 0.35 6.56 3.01 
10 1.90 6.9 3.44 
20 4.01 6.63 3.75 
30 5.61 6.84 3.80 
40 5.92 6.97 3.70 
60 6.33 7.33 3.22 
80 6.9 7.63 3.17 
120 7.41 8.24 | 3.25 
160 7.87 8.70 3.62 
200 7.37 8.90 4.15 
Tassie Il 
Inhibitory Effect of Adenine, Guanine, and Uracil | 
No serine 20 y Dt serine 
Titration, 0.1 x NaOH 
om. 
0.0 4.04 5.92 
0.05 1.00 5.50 
0.10 0.75 5.33 
0.2 0.43 4.75 
0.30 0.15 4.63 | 
0.40 0.06 3.75 
0.530 0.0 3.31 
0.75 0.0 1.65 
1.00 0.0 0.0 


* The concentration represents the amount of each constituent present, with ) 
0.05 y of folic acid per 10 ml. tube. 


B) vary with the compound tested. With as little as 25 y of pL-serine | 
present, the toxicity is considerably diminished (Fig. 1, Curve C). The 
toxicity of these compounds decreases in the order adenine, guanine, uracil, 
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with no toxicity shown by xanthine. These pronounced inibitory effects 
of the purines and pyrimidine have been observed only in the absence of 
serine or with limiting serine. In Table III these effects are demonstrated 
for serine and are shown to be absent for threonine and valine. With 
threonine and valine the results are essentially independent of the adenine, 
guanine, and uracil concentration. 


ML. 0.1 N 


AGX AGU G Gu x 
AX AUX AGUX Gx Gux Ux 


Fic. 1. The growth response of Streptococcus faecalis R to adenine (A), guanine 
(G), uracil (U), and xanthine (XY) in the presence of the following: Curve B, no 
serine and 0.05 y of folic acid; Curve C, 25 y of pL-serine and 0.05 y of folic acid; 
Curve D, no serine and 5 y of folic acid; Curve E, 25 y of pt-serine and 5 y of folic 
acid. The abscissa represents 0.5 mg. each of A, G, U, and X as indicated. 


In the absence of adenine, guanine, and uracil there is an appreciable 
change from the reported inhibition ratio of threonine to serine (1) of 2500. 
Such a change is evidenced by the titrations shown in the column for 0.05 
y of folic acid, Table LV. The titration of 1.32 ml. of 0.1 N NaOH was 
obtained under conditions previously reported; namely, 0.5 mg. each of 
adenine, guanine, and uracil and 0.05 y of folic acid. Adenine alone has 


-serine | essentially the same inhibitory effect of the three combined but the ad- 


dition of either guanine or uracil alone or complete absence of the purines 


| and pyrimidine significantly increases the titration. These increases in 


ine, 
irve 
pal to 
| | | | | 
i] | | 
| | ae | | | | 
| | 
| 
og | | | | 
| 
| 
uracil, 


10 SERINE REQUIREMENT OF 8. FAECALIS 
titration clearly indicate that a ratio of threonine to serine of 2500 is no 
longer inhibitory. 

Taste III 


Growth Response to Serine, Threonine, and Valine As Influenced by Adenine, 
Guanine, Uracil, , and Folic Acid 


Adenine, guanine, and uracil 


Amino acid Folic acid O mg. 0.1 mg. each 1.0 mg. each 
"Titration, 0.1 NaOH 

7 | ai. 

pL-Serine 0.0 0.05 5.00 2.58 0.78 
0.0 § 0.0 7.60 7.48 4.96 

oo | 6.48 5.40 1.88 

pi-Threonine 0.0 | | | be 
0.05 | 0.05 5.30 5.65 5.10 

0.0 5.0 0.95 

0.05 5.0 5.60 

pt-Valine 0.0 0.05 1.70 | 2.00 1.65 
| O08 | 0.6 | 5.16 

| 005 | 5.0 5.35 

Taste IV 


Effect of Adenine, Guanine, Uracil, and Folie Acid on Growth at 
Threonine-Serine Ratio of 2500 
25 mg. of pi-threonine and 0.01 mg. of pL-serine in each tube. 


| 0.05 y folic acid | $.0y folic acid 
Purine and pyrimidine added® 
Titration, 0.1 ns NaOH 
Adenine, guanine, uracil... | 1.32 3.74 
Guanine. 4.85 | 6.44 
Uracil... | 4.94 | 6.00 
| 5.52 6.59 


* 0.5 mg. of each as indicated per 10 ml. tube. 


Effect of Folic Acid—-Concentrations of folic acid of 0.05 y per tube (6) 
and 0.1 y per tube (8), which are satisfactory under most assay conditions, 
do not suffice with limiting serine. Greatest growth is obtained under 
serine blank conditions with 5 ¥ of folic acid (Table V). This effect is also 
shown in Table IV, where increased folic ac#l changes the inhibition ratio 
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of threonine to serine, and in Table III and Fig. 1, Curve D, where in- 
creased folic acid overcomes the toxicity of the purines and uracil in the 
presence of limiting or no serine. 


Taste V 
Toxicity Test for Folic Acid and Folic Acid Concentrate 
m. mi. | | mi. 
0.00 0.00 [0.00 0.40 | 
0.05 0.00 0.05 5.71 
0.50 1.50 0.50 is | 20 7.20 
5.00 3.58 5.00 6.80 | 200 7.40 
50.00 3.10 50.00 6.19 800 7.91 
500.00 0.78 500 .00 2.65 2,000 8.40 
2500.00 0.49 2500 .00 0.66 | 20,000 9.30 


* 0.5 mg. each of adenine, guanine, and uracil present. 
1 0.1 mg. each of adenine, guanine, and uracil present. 


Taste VI 
Reversal of Folic Acid Toxicity by Serine and Folic Acid Concentrate 
The adenine, guanine, and uracil concentration is 0.1 mg. of each per 10 ml. tube. 


pt-Serine® | Folic acid concentratet 
Titration, Titration, 0.1 

NaOH NaOH 

Y mi. mi. 
500 0 2.03 | 20 2.16 
500 25 | 5.07 | 100 3.10 
500 50 | 6.47 | 200 3.66 
500 100 | 8.18 500 4.50 
500 200 | 9.28 1000 5.41 
4 20 6.66 
5 25 | 6.75 | 100 6.71 
5 50 | 7.61 200 6.85 
5 100 | 8.70 | 500 7.49 
5 200 | 9.60 1000 | 8.11 


* No folic acid concentrate present. 
1 No serine present. 


It is to be noted (Table V) that high levels of folic acid become inhib- 


itory, while such is not the case with folic acid concentrate. Both serine 
and folic acid concentrate overcome the high folic acid inhibition 


(Table V1). 


Effect of Citrate and Fe**+—Results in this laboratory have shown con- 


(6) 
Lions, 
s also 
ratio | 
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sistently that citrate inhibits growth under limiting serine conditions. 
This is illustrated by the first set of titrations in Table VII. The report 
of Henderson and Snell (8), indicating competition between Mn** and 
citrate for some lactic acid bacteria, led to the experiments described in 
Table VIII. Under these conditions (no serine, 2 per cent citrate, 0.5 mg. 


Taste VII 
Effect of Citrate and Fe** on Serine Blank 
0.5 mg. each of adenine, guanine, and uracil; 5 y of folie acid per 10 ml. tube. 


20 y* Fe** | 500 y Fe** 
Titration, 0.1 n NaOH 
me. ml mi. 
0 | 3.68 3.40 
25 3.50 3.80 
50 3.20 4.25 
100 2.62 4.64 
200 2.62 5.10 
* Quantity present as Salts B. 
VIII 
Effect of Fe**, Mn**, and Mg** on Serine Blank } 
2 per cent citrate, 5 y of folic acid, and 0.5 mg. each of adenine, guanine, and uracil | 
present. 
Salts B N Fe** Mn** Mg** 0.8 N 
0.0 1.35 20 25 200 1.35 
0.05 1.35 50 25 200 1.60 
0.0625 1.55 100 25 200 2.00 
0.125 2.30 500 25 200 4.45 
0.3125 3.33 20 50 200 1.35 
0.625 4.48 20 100 200 1.30 
1.25 4.42 20 500 200 1.40 
20 25 500 1.32 
20 25 SOU 1.88 
20 25 1000 1.30 


of the purines and pyrimidine, and 5 y of folic acid) it is noted that an 
increase in the level of Salts B' causes increased growth. As also noted 
from Table VIII, this response is due to Fe**. On the addition of 500 y 
of Fe**+ (Table VII) the inhibitory effect of citrate is eliminated, and the 


typical response due to increased buffer capacity appears. 
See (14). | 
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DISCUSSION 


Apparently serine is required by Streptococcus faecalis R for growth, al- 
though under certain conditions much of the needed serine may be syn- 
thesized. The various factors involved tend to complicate any explana- 
tion as yet conceived. The facts, however, indicate that folic acid is at 
least partially responsible for the serine synthesis. In no case has the 
need for excessive quantities of folic acid been demonstrated except under 
serine blank conditions. This is indicative of serine synthesis due to folic 
acid. An analogous situation might be the synthesis of lysine, threonine, 
and alanine by Lactobacillus arabinosus in the presence of pyridoxine (7, 
9). These amino acids were required in the absence of pyridoxine. 

Adenine, guanine, and uracil are usually incorporated in microbiological 
assay media. Snell and Mitchell (10) found Streptococcus faecalis to re- 
quire adenine and thymine in the absence of folic acid. Stokes (11) con- 
cluded that good growth cannot be obtained in the absence of purine 
bases with either thymine or folic acid. However, Rabinowitz and Snell 
(12), in assaying for vitamin Bs, omitted adenine, guanine, and uracil from 
the medium because these substances never stimulated growth and were 
sometimes slightly inhibitory. Also, Henderson and Snell (8) have shown 
that the purines and pyrimidine bases, either omitted or added (up to 0.2 
mg. per 10 ml. tube), had no effect on the leucine assay by Streptococcus 
faecalis R. 

Under our conditions, somewhat different results were obtained. Ade- 
nine produced the most marked inhibition in tubes with little or no serine, 
and in no case did any of the purine and pyrimidine combinations, except 


_ xanthine alone, produce growth equivalent to the growth in their absence 


(Fig. 1). However, in the presence of adequate serine (Table III), the 
presence of 0.1 mg. each of adenine, guanine, and uracil was slightly stimu- 
latory, while the 0.5 mg. level was slightly inhibitory. The incorporation 
of 0.5 mg. per tube of these compounds in the basal medium by Baum- 
garten et al. (2) represents a marked change from most media and is largely 
responsible for the serine blank obtainabie with this medium. 

It is not yet clear how adenine adversely affects the synthesis of serine. 
Folic acid partially overcomes the inhibition of adenine. The most plau- 
sible explanation the authors can give at present is that folic acid is a co- 
enzyme for the synthesis of a specific compound (probably purine-like) 
which is necessary for the synthesis of serine. The adenine in the media 
would then become competitive with this “specific compound.”” Unpub- 
lished data from this laboratory indicate that this compound is not thymine 
or hypoxanthine. 

The toxicity of the folic acid preparation, observed with limiting serine 
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conditions, is counteracted by serine (Table VI). The reversal of the 
folic acid toxicity by folic acid concentrate (potency 4000) is believed to 
be due to the presence of serine in the preparation, as an acid hydrolysate 
of the concentrate was as active in overcoming the inhibition as was the 
concentrate. 

The previously reported (1) threonine-serine ratio of 2500 which inhib- 
ited growth is merely a function of the basal medium. Any constituent 
which promotes the synthesis of serine would automatically increase the 
ratio, while any constituent which inhibits the synthesis of serine would 
decrease the ratio. These conditions do not alter the antagonism be- 
tween serine and threonine; they merely change the amount of serine 
present. 

The superiority of citrate as a buffer for Streptococcus faecalis R has been 
claimed by several workers (8, 13, 14). In a study of the mineral require- 
ments (MacLeod and Snell (14)) and in the leucine assay (Henderson and 
Snell (8)) with Streptococcus faecalis R, citrate buffer did not increase the 
need for Salts B. Extra manganese and magnesium were required with 
other lactic acid bacteria, owing to formation of complexes between citrate 
and these bivalent ions. The situation is quite different with serine assay 
conditions (Tables VII and VIII) in that citrate does inhibit growth and 
manganese or magnesium has no effect. The fact that iron eliminates 
the citrate toxicity suggests that iron is involved in the biosynthesis of 
serine. In this case the effect of citrate is secondary and only appears in 
the presence of inadequate iron and serine. 

Streptococcus faecalis R has been used in the microbiological assay for 
serine. Asa result of present and previous findings, however, the method 
is subject to severe limitations, and the results obtained are of questionable 
accuracy, since under the proper conditions the organism is capable of 
synthesizing its serine requirement. A serine blank may be obtained by 
the use of a heavy dose of adenine. Under this condition folic acid is 
stimulatory. The incorporation of additional folic acid in the medium 
tends to destroy the blank, while excessive amounts of folic acid become 
toxic. Citrate may also be used to obtain a serine blank. This, however, 
is counteracted by the addition of iron. Finally, threonine is antagonistic 
to the utilization of serine. If the threonine content of the medium is 
increased sufficiently to eliminate any effects produced by the addition 
of threonine in the sample, a lag section appears in the standard curve 
which decreases the sensitivity of the assay. It is our opinion that Strep- 
tococcus faecalis R is not a satisfactory organism for the assay for serine. 


SUMMARY 


1. Folic acid has been shown to be effective in promoting the synthesis 
of serine by Streptococcus faecalis R. 


| 
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2. Adenine and to a lesser extent guanine and uracil inhibit the syn- 


thesis of serine. 


3. Citrate, under limiting serine conditions, is inhibitory to growth of 


Streptococcus faecalis R. This inhibition is reversed by ferrous iron. 


4. The effect of various medium constituents on the serine assay was 


discussed. 
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THE NITROGENOUS CONSTITUENTS OF THE TISSUE LIPIDES 


I. THE EXTRACTION, PURIFICATION, AND HYDROLYSIS OF TISSUE 
LIPIDES* 


By J. M. McKIBBIN anu WANDA E. TAYLOR 


(From the Department of Biochemistry, Syracuse University College of Medicine, 
Syracuse) 


(Received for publication, September 3, 1948) 


Data are available from a number of laboratories (1-4) on the content of 
lipide nitrogenous substances in isolated tissues of several species or in 
lipide fractions of tissues. Artom has described techniques for the deter- 
mination of tissue lipide choline, total phospholipide and sphingomyelin 
(5), and lipide ethanolamine and serine (6). Artom and Fishman have 
also determined total phospholipide and lipide choline in an extensive 
study of the composition of rat liver lipides in certain nutritional states 
(7-12). In this and in subsequent reports we wish to describe a study of 
the nitrogen base pattern of dog tissue lipides under a variety of experimen- 
tal conditions. 

In order to determine total lipide nitrogen and some individual bases it 
is necessary to free the lipide extract of its nitrogenous impurities. Page 
et al. (13), Van Slyke et al. (14), Folch and Van Slyke (15), and Christensen 
(16) have found heavy contamination of plasma lipide extracts with non- 
lipide nitrogen, principally urea. Swingle and Pfiffner (17) found adrenalin 
present in adrenal lipide extracts. Evidently a variety of nitrogenous 
substances ordinarily insoluble in lipide solvents are soluble in solutions 
of phosphatides. Many investigators have recognized this contamination, 
but little has been reported in the direction of (a) quantitative removal of 
impurities, or (b) measurement of the loss of lipides incurred in the purifica- 
tion procedure. Folch and Van Slyke (18) have reported a method of 
precipitation of plasma lipides and proteins which minimizes contamination 
with nitrogenous impurities. The losses of the lipides were not quantita- 
tively described. Sinclair (19) purified emulsions of plasma phosphatides 
by dialysis against water. Losses of weight, nitrogen, phosphorus, and 
choline were determined, but the actual amounts of lipide and impurities 
lost are uncertain. We have not used precipitation techniques because of 
the danger of incomplete precipitation of the variety of lipides containing 
nitrogen. We have not used dialysis because it is not certain that all 
impurities in lipide extracts are dialyzable and because there is no as- 


* This work was supported by a grant from the Life Insurance Medical Research 
Fund. 
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surance that lipide losses might not occur in this process. We have purified 
lipide extracts in chloroform with minimum lipide loss by extraction in an 
emulsified state with 0.25 m MgCl. The lipide lost was measured by 
analyzing the MgCl, extracts for fatty acid and phosphorus. 

We have determined total lipide nitrogen and phosphorus on these 
purified extracts of several dog tissues. In addition we have studied the 
conditions of hydrolysis of the lipides for the quantitative determination of 
choline. 


EXPERIMENTAL 


Preparation of Lipide Extracts—The animals were sacrificed by severing 
the carotid artery under deep magnesium or ether anesthesia. The tis- 
sues were quickly removed; a portion of 20 to 40 gm. was cut into con- 
veniently sized pieces for grinding and dropped on dry ice in a mortar. 
The frozen tissue was then ground with dry ice, and the frozen powder 
added to alcohol-ether 3:1 in a ratio of roughly 40 ml. per gm. of fresh 
weight of tissue. By this procedure it was hoped to minimize artifacts 
produced by postmortem enzymatic hydrolysis of the tissue lipides de- 
scribed by Fairbairn (20). The ground tissue in alcohol-ether was then 
refluxed for 14 hours, and filtered through sintered glassware. All of the 
tissue residue was transferred to the filter by rinsing the extraction flask 
with small portions of alcohol-ether. The residue was then dried in an 
oven at 50° and extracted in a Soxhlet extractor with CHC, for 6 hours. 
Fatty acid analyses of the saponified residues by the oxidation method of 
Bloor (21) showed that only insignificant amounts of lipides remained in 
the residue. If the amount of unextracted fatty acid is calculated as 
monoaminophosphatide, the unextracted lipides represented from 0.23 
to 0.63 per cent of the total amounts extracted. 

The combined alcohol-ether and chloroform extracts were concentrated 
under reduced pressure in a stream of nitrogen. The residues were dis- 
solved in chloroform and made to a convenient volume, usually 100 ml. 

Purification of Lipide Extracts—Aliquots of the chloroform extract con- 
taining 0.4 to 2.0 mm of lipide nitrogen were placed in 250 ml. centrifuge 
bottles and diluted to about 80 ml. with chloroform. 80 ml. of 0.25 m 
MgCl, were added and the bottles were stoppered and shaken until rela- 
tively stable emulsions were produced. After standing for several hours 
at room temperature the emulsions were broken by freezing in a dry ice 
chamber, thawing, and centrifuging. The clear supernatant was removed 
by a pipette. Usually additional freezing, thawing, and centrifuging 
processes were required to break the emulsion completely. The whole 
process was repeated six or seven times for routine purification of the ex- 
tracts. The purified lipide extracts in chloroform solution were trans- 
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ferred quantitatively to 200 ml. volumetric flasks. Aliquots from this 
solution were then used for analysis of total nitrogen, total phosphorus, 
and choline. 

The efficiency of this procedure in removing impurities and in minimiz- 
ing loss of lipides to the aqueous phase was studied by analysis of groups of 
pooled MgCl, extracts. Total nitrogen was determined by a micro-Kjel- 
dahl procedure with selenium as catalyst and determination of ammonia 
in the distillate by nesslerization. Total phosphorus was determined by a 
superoxol-sulfurie acid digestion and analysis of the digest for inorganic 
phosphorus by the Fiske and Subbarow method. Fatty acids were de- 
termined by saponification of the concentrated washings with NaOH, 
acidification, and extraction of the free fatty acids with chloroform. The 
acid-water-washed chloroform extracts were then used for determination 
of fatty acids by the procedure of Bloor (21). Oxidizable material was 
referred to a standard determination by use of Fastman palmitic acid. 
This procedure was found to give the theoretical recovery of fatty acids 
from solutions of water-soluble soy bean phosphatides in similar concentra- 
tions. The results of these analyses are summarized in Table I. 

It is apparent that the bulk of contaminant nitrogen is removed in the 
first three extractions with 0.25 mM MgCh. However, significant amounts 
do remain and should be removed by further extractions. On the basis of 
the results given in Table I, six to nine extractions would be adequate for 
routine purification. Further extractions bring out nitrogen equivalent 
to only | or 2 per cent of the lipide nitrogen present. In the case of those 
tissue lipides which are more difficult to emulsify, e.g. intestine and skeletal 
muscle, several more extractions may be necessary. 

The lipide losses incurred in the purification procedure can be calculated 
if the total fatty acids lost in the nine to twelve extractions are assumed to 
arise exclusively from monoaminophosphatide and the total lipide phos- 
phorus in the purified extract is all assumed to be from monoaminophos- 
phatide (Table I). It can be seen that the maximum phospholipide losses 
range from 0.02 to 3.64 per cent in the several tissues, a range which we 
believe is sufficiently low to be satisfactory. If the total fatty acids lost 
represent in part plasmal fatty aldehyde, the above lipide losses would be 
increased, depending upon the relative amounts of plasmal and mono- 
aminophosphatide lost. Even if all of the lipide material were plasma, 
the above figures would only be doubled, a magnitude of loss which still 
might not be considered prohibitive. Actually the phosphorus content of 
a number of the extracts is too low with respect to fatty acid or oxidizable 
material to be entirely plasmal phosphorus. 

In assessing the loss of lipide material it should be emphasized that the 
measurement of the lipide substances in the extraction medium, as we have 
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done, is more precise than measurement of the change in the composition 
of the lipide extract itself. 

The amount of non-lipide nitrogen remaining in the purified extracts is 
not known. ‘The extractable nitrogen has been decreased to a negligible 
amount, but impurities may remain which are not extractable with 0.25 
mu MgCl,. The ratios of nitrogen to phosphorus in the washed lipide ex- 
tract conform roughly to the expected values calculated from the estimated 
amounts of monoaminophosphatide and sphingolipides (22). We are, 
therefore, assuming as a working hypothesis that lipide extracts prepared 
in this manner are essentially free of nitrogenous impurities. 

When water alone was used as a washing medium the loss of lipides was 
prohibitive. The fatty acid in the washings being calculated as mono- 
aminophosphatide, the losses for liver were 3.9, brain 26.5, kidney 8.6, 
muscle 14.4 per cent for six washings, and heart 6.2 per cent after seven 
washings. We also attempted to purify the extracts with aqueous acetone 
solutions. Due to the high solubility of acetone in chloroform it was 
necessary to dissolve the lipides in petroleum ether. In an experiment 
with liver lipides washed only twice with (a) water, (6) 0.058 mole fraction 
of acetone in water, and (c) 0.125 mole fraction of acetone, the total lipide 
losses based on fatty acid-containing substances in the washings amounted 
to 3.35, 14.4, and 2.88 per cent, respectively, calculated as monoamino- 
phosphatide. ‘These losses, again, were considered prohibitive. The su- 
periority of MgCl, solution to these other washing media in minimizing 
lipide losses may be explained as a “‘salting-out” effect or due to the forma- 
tion of water-insoluble complexes with several of the lipides. Magnesium 
sulfate solutions were used by Folch and Van Slyke (18) as a washing 
solution. 

Determination of Total Lipide Nitrogen—Total lipide nitrogen was de- 
termined by the Kjeldahl digestion with the digestion mixture recommended 
by the Association of Official Agricultural Chemists (23) for the macro- 
Kjeldahl method and with selenium as catalyst. For 100 ml. Kjeldahl 
flasks, 5 ml. of concentrated H,SQ,, 2.5 gm. of anhydrous Na,SQ,, and 0.1 
gm. of CuSOQ,-5H,O were added conveniently as concentrated aqueous 
solutions. When the water was boiled off, an aliquot of the chloroform 
solution of the lipides sufficient to give 0.3 to 1.0 mg. of nitrogen was added 
along with 30 to 40 mg. of powdered selenium. More selenium was added 
after clearing, and the digestion was continued for 2 hours. The Kjeldahl 
digests were distilled from alkali into 8 ml. of 0.1 N HCl, and the distillate 
transferred to 50 ml. volumetric flasks. Suitable aliquots of this solution 
were nesslerized by the addition of 3 ml. of Nessler’s reagent and water to a 
volume of 25 ml. The color was read in a Coleman universal spectropho- 
tometer at 490 mu. The range of 40 to 60 y of nitrogen gave transmission 
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readings of 64 to 53 per cent, respectively, which has been most suitable for 
our use. 

This procedure is effective in the quantitative conversion of choline 
nitrogen to ammonia, whereas we have observed that several of the rapid 
micro digestion procedures are not. The inclusion of selenium is desirable 
because it contributes notable catalytic effects in this conversion. Erratic 
and low conversion has been experienced with the Folin-Denis (24) diges- 
tion procedure with sulfuric and phosphoric acids, the Koch-MeMeekin 
(25) with sulfuric acid and hydrogen peroxide, and the Van Slyke (26) with 
sulfuric acid and potassium persulfate. 

Determination of Total Lipide Phosphorus—Total phosphorus was de- 
termined on an aliquot of the purified lipide extracts containing 15 to 20 y 
of phosphorus. The digestion procedure was essentially that of Young- 
berg and Youngberg (27) with use of 0.6 ml. of 1:1 H.SO, with usually a 
total of 5 drops of Merck's reagent superoxol and a total digestion period 
of 3 minutes after clearing. After dilution and boiling to decompose 
pyrophosphate, | ml. of 10 per cent NaOH was added and the color devel- 
oped with the reagents of Fiske and Subbarow (28) to a color volume of 
10 ml. and read in the Coleman spectrophotometer at 660 mz. 

Hydrolysis—Suitable aliquots of the purified lipides in chloroform were 
placed in 200 ml., standard taper, round bottom flasks, and the solvent 
removed under reduced pressure and 65 ml. of saturated barium hydroxide 
added. A few glass beads were placed in the flask and the solution re- 
fluxed on a sand bath for 5 hours. With cerebrum lipides, however, a 7 
hour hydrolysis was used. 6.5 ml. of concentrated HCl were added and the 
refluxing continued for 1] hours. The fatty acids and sphingosine were 
removed by chloroform extraction (22) and the hydrolysate analyzed for 
choline essentially by the procedure described by Handler (29). 

The quantitative determination of several of the nitrogenous bases of the 
tissue lipides must depend upon the quantitative hydrolysis of the lipide. 
Various procedures for hydrolysis of the lipides have been reported. 
Thannhauser and coworkers (30) refluxed the lipides for 3 hours with a 
solution of gaseous HCl in methanol and stated that this was the only 
reagent used in their series which would give quantitative hydrolysis of 
sphingomyelin. Artom (5) also refluxed the lipides with 6 n HCl in 
methanol for3 hours. Chargaff, Ziff, and Rittenberg (1) used 2 N aqueous 
H,SO, for 40 to 48 hours in the quantitative hydrolysis of brain and heart 
phosphatides. Williams and his associates (31, 32) used a short hydrolysis 
in aqueous alcohol medium with Ba(OH),. Entenman et al. (33) heated 
the lipides in saturated Ba(OH), over a steam bath for about 2 hours. 
Sperry and Brand (34) used saturated Ba(OH), with a heating period of 2 
hours for the determination of choline in brain lipides. In their experi- 
ments acid hydrolysis procedures were not satisfactory. 
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The liberation of inorganic phosphorus would be ideal as a criterion for 
the completeness of hydrolysis, since all of the nitrogenous substances are 
esterified to phosphorus except sphingosine in the glycolipides. The re- 
markable stability of a- and 8-glycerophosphoric acid (35) and phosphoryl- 
choline (36) to acid hydrolysis makes complete recovery of lipide phos- 
phorus as inorganic phosphorus practically unattainable. We have found 
that inorganic phosphorus values in these hydrolysis procedures may be 
only one-third of digestion phosphorus values when choline liberation is 
maximum. With barium hydroxide hydrolyses the liberation of inorganic 
phosphorus is difficult to measure, probably because of absorption losses on 
barium precipitates. We have used the maximum liberation of choline 
as the criterion of hydrolysis as have other investigators (30-34), since 
choline appears to be completely stable to a 7 hour sand bath refluxing 
with saturated barium hydroxide. 

In our experience aqueous H,SO, and HCl methanol gave erratic and 
incomplete hydrolysis, when short heating periods were used. Prolonged 
refluxing (48 hours) with 2 N or 4. N H,SO, gave quantitative results, but 
we considered it desirable to shorten the period of hydrolysis. Refluxing 
the lipides with saturated barium hydroxide on a sand bath for 4 hours 
appeared to give maximum liberation of choline in all of the tissue extracts 
except cerebrum, in which case we occasionally obtained low results. 
Routinely we have used a 5 hour hydrolysis period for all tissue extracts 
except cerebrum and a7 hour period for cerebrum. These hydrolysates 
give maximum values for choline and good recovery of added choline. 

Analysis of Dog Tissues—By the use of the foregoing analytical pro- 
cedures the total lipide nitrogen, phosphorus, and choline in tissues of 
several normal adult dogs subsisting on stock ration have been measured 
and are given in Table II. 


DISCUSSION 


It may be noted from the data on the purification experiments that the 
first extractions with MgCl, contain considerably more phosphorus than 
do the later extractions (Table I). These amounts of phosphorus are 
considerably greater than the maximum possible amounts of phospholipide 
in the MgCl, extract calculated on the basis of fatty acid found. This 
indicates the presence of measurable non-lipide phosphorus impurity in 
the lipide extracts. The minimum amount of non-lipide phosphorus pres- 
ent in the washings can be calculated by assuming that all the oxidizable 
lipide material present is plasmal fatty aldehyde (one fatty aldehyde per 
phosphorus). This minimum per cent of impurity phosphorus in the orig- 
inal extracts shown in Table I varies from 1.40 to 10.7 per cent of the 
total phosphorus in the original lipide extract. If the fatty acids in the 
washings were present as monoaminophosphatide (two fatty acids per 
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phosphorus), this minimum phosphorus impurity would be doubled. The 
impurity phosphorus present in the extracts of the same tissues from 
different animals varies considerably. Thus, the common procedure of 
calculating phospholipide concentrations from a determination of total 
phosphorus in crude lipide extracts might not be valid for some extracts. 
Contamination of lipide extracts with inorganic phosphorus is even a more 
troublesome factor in phospholipide turnover studies with radioactive 
inorganic phosphorus (37, 38). 

Expression of concentration of the various lipide bases in terms of mi- 
cromoles per gm. of dry lipide-free residue has been taken as a course of 
accuracy, convenience, and for a more significant method of expressing 
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Arerage Lipide Phoaphorua and Choline Content of Several Tissues of Rats (4),° 
Doge, and Cattle 


Lipide P per em. dry lipede- tree Lipide choline per am dry lipide. 
'we f tue 


ree rear 
Artom (4) This stwdy Artom (4) This study 
Skeletal muscle 51.8 28.6 33.3 32.6 
Heart aos 145 161 2.0 7 73.5 
Brain 725 746 211 3 
Liver 135 91.8 73.9 171 
Kidney 131 a” 171 9.6 93.5 121 
Spleen (3 113 24.0 MS 
Lung 142 15s "2 S74 
Intestine 56.5 78.6 


* Calculated from assumed percentages of moist tissue represented by the dry 
lipnde free residue 
* Calculated direct!y from the data given 


results. It greatly expedites the quantitative manipulation of frozen fresh 
tissue powder, since only the tissue which is extracted contributes lipide 
material and is weighed as the residue. It is essentially an expression of 
moles of lipide base per gm. of cellular metabolic substance and automat- 
ically rules out artifacts resulting from changes in dry weight or neutral 
fat in a tissue. 

The results given in Table II show some rather surprising variations in 
the absolute amounts of lipide N, P, and choline in the tissues of the three 
dogs, particularly in liver, kidney, pancreas, and heart, and to a less ex- 
tent the cerebrum. Whether or not this variation will occur in litter 
mates under controlled experimental conditions remains to be seen. The 
above animals were selected from stock at random and thus a variety of 
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factors might contribute to these differences. Although the number of 
animals is extremely limited, the data suggest that the variation is greater 
in the absolute quantity of N, P, and choline per gm. of dry lipide-free 
residue than in the relation of these substances to each other. The N:P 
ratios and the per cent of total N represented by choline seem to be a more 
constant quantity from animal to animal. It may be that the pattern of 
these lipides is fairly constant and that variation may arise in the actual 
amount of this mixture laid down in the tissue. 

The actual amounts of lipide phosphorus and choline present in the 
several tissues may be compared with the amounts calculated from the 
data of Kaucher et al. (2) in beef tissues. The data of Artom (4) from rat 
tissues cannot be used without assuming the per cent of moist tissue rep- 
resented by the dry lipide-free residue. However, a rough comparison of 
the average values can be made and the data are summarized in Table IIT. 
The variation in the values for most of the tissues is considerable and sug- 
gests the possibility of important species and individual variations as well 
as differences resulting from the analytical methods used. 


SUMMARY 


The preparation and purification of lipide extracts of dog tissues is 
described. The extracts in chloroform solution are freed of non-lipide 
impurities by extraction in an emulsified state with 0.25 m After 
six or seven such extractions the amount of nitrogenous material extracted 
becomes negligible. In unpurified extracts the non-lipide nitrogen is al- 
ways considerable and may be several times greater than the lipide nitro- 
gen. The non-lipide phosphorus is present in much smaller quantities 
and amounted to 1.4 to 10.7 per cent of lipide phosphorus in the extracts 
analyzed. The maximum total losses of lipides incurred in the purification 
as measured by fatty acid or oxidizable material passing into the aqueous 
phase is 0.9 to 3.6 per cent of the total calculated as monoaminophospha- 
tide. The purification technique is, therefore, considered satisfactory for 
the nine tissues reported. 

A technique for the determination of total lipide nitrogen is described. 
The amounts of nitrogen, phosphorus, and choline present in lipide extracts 
of nine tissues from several dogs are presented. 
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THE NITROGENOUS CONSTITUENTS OF THE TISSUE LIPIDES 


Il. THE DETERMINATION OF SPHINGOSINE IN TISSUE LIPIDE 
EXTRACTS* 


By J. M. McKIBBIN ano WANDA FEF. TAYLOR 


(From the Department of Biochemistry, Syracuse University College of Medicine, 
Syracuse) 


(Reeeived for publication, September 3, 1948) 


Our projected studies on the quantitative distribution of the various 
nitrogenous bases in tissue lipides necessitated a method for the quantita- 
tive determination of sphingosine. Since we have been unable to find a 
single report in the literature on this problem, we have undertaken the 
development of such a method. It is the purposg¢ of this paper to describe 
a relatively simple procedure for an approximate determination of sphingo- 
sine, together with some preliminary results of the application of the method 
to lipide extracts of dog tissues. 

Sphingosine, 1 ,3-dihydroxy-2-amino-4 ,5-octadecene, and dihydrosphin- 
gosine (1), 1,3-dihydroxy-2-aminooctadecane, oecur in tissue lipides as 
fatty acid amides and their derivatives. The general classes of compounds 
include the glycosides or cerebrosides, the sphingomyelins, and possibly 
others. Since these substances probably represent a considerable number 
of chemical individuals in any tissue, and since they have quite different 

_ solubility properties, we have made no attempt to separate the parent sub- 
stances from the non-sphingosine-containing lipides of the tissue lipide 
extract, but have sought to determine total sphingosine after hydrolysis 
of all of the lipides present. The method to be described consists essen- 
tially of a separation of sphingosine from the other bases present in the 
hydrolysate by CHCI, extraction, followed by the determination of sphingo- 
sine in the extract as nitrogen. 


Procedure 


The lipides were extracted, purified, and then hydrolyzed with 65 ml. of 
saturated barium hydroxide solution as described previously (2), and 6.5 
ml. of concentrated HCl were added and the refluxing was continued for 

, lf hours. The splitting of the glycoside linkage from the cerebroside 
products would thus be assured. The contents of the hydrolysis flask 
were then transferred to a 125 ml. separatory funnel with about 10 ml. of 
CHCl. The flask was dried in an oven at 60° overnight and the dry flask 


* This work was supported by a grant from the Life Insurance Medical Research 
Fund. 
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and reflux condenser were rinsed first with glass-distilled reagent CHCh, 
then with warm water. The rinsings were added to the separatory funnel. 
The volumes of the aqueous and CHC), phases were about 75 and 20 to 25 
ml., respectively. The extraction of sphingosine was accomplished by 
vigorous shaking, and the CHCl, laver was then withdrawn into a 50 ml. 
centrifuge tube; 10 to 15 ml. more CHCl, were added to the separatory 
funnel, and the extraction repeated. No emulsions were produced under 
these conditions although troublesome emulsions may be encountered 
with other solvents. The combined CHCl, extracts were cleared of a faint 
cloudiness (perhaps due to traces of BaCO, or water) by centrifuging. The 
clear chloroform solution was withdrawn by pipette into a 50 ml. volume- 
tric flask. A third extraction of the aqueous phase was made with 10 to 
15 ml. of chloroform, and this extract was centrifuged and transferred 
to the volumetric flask; chloroform was finally added to the 50 ml. mark. 
Suitable aliquots were then evaporated in 20 mm. Pyrex test-tubes con- 
taining 0.7 ml. of 1:1 H.SO, and a glass bead, and the digestion for nitro- 
gen carried out according to the method of Koch and MceMeekin (3). The 
digestion was usually carried out with 10 to 12 drops of Merck’s reagent 
superoxol. Care was taken to add the superoxol at the immediate ap- 
pearance of charring and fumes as recommended by Miller and Miller 
(4). After most of the carbonaceous material was oxidized, the boiling 
of the acid was maintained at a vigorous rate to insure rinsing down and 
digestion of fatty acid deposited along the length of the tube. After 
digestion, the acid was diluted with 7 to 10 ml. of distilled water, cooled, 
and neutralized with 7 ml. of 1.0 NaOH. The mixture was transferred 
to a graduated 25 ml. tube and 2 drops of gum ghatti and 3 ml. of Nessler’s 
solution were added. The solution was then centrifuged for 5 minutes 
at 2000 r.p.m. to remove the very faint cloudiness due probably to traces 
of BaSO,. 

The nitrogen content was then determined by reading absorption in the 
Coleman spectrophotometer at 490 my against a water blank and assessing 
nitrogen from a standard curve. Nitrogen analyses of each extract were 
performed in triplicate. 


EXPERIMENTAL 


The specificity of the extraction procedure was tested by adding known 
amounts of ethanolamine, choline, and serine to a synthetic hydrolysis 
mixture containing pure stearic acid and triacetyl sphingosine. Triace- 
tylsphingosine was prepared from crude beef brain cerebrosides, the glacial 
acetic acid precipitate fraction described by Levene (5), by the procedure 
of Carter and associates (1). 

It can be seen from Table I that the extraction is quantitative and com- 
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pletely specific for sphingosine in the presence of the other bases known to 
be present in tissue lipide hydrolysates. It is interesting that quantitative 
extraction of sphingosine with chloroform can be obtained from a solution 
essentially 0.5 N with respect to HCl, at which sphingosine should exist as 
anion. This extraction is also specific and quantitative at high pH ranges 
in which sphingosine would carry no charge. 


Taare 
Recovery of Sphingosine from Hydrolysis Mixtures 


Total 
y 


Hydrolysis mixture sine in hydrol- Sphingosine recovered 
No. of ysate extract 
samples 
Triacetyl- 
Lipides*® sphingosine Average Average Range 
added 
per cent per cont 
3 None 9.07 9.24 10.4 100.0-103.3 
2 | Sl mg. stearic acid 8.98 8.62 1 93.1- 99.0 
3 S.61 95.9 92.4- 98.5 
choline, 30.0um serine, 
Sl mg. stearic acid 
4 | 4 ml. cerebrum lipides 11.69 
3 8.98 20.29 94.5 91.3-101.0 
2 mi. kidney lipides 9.21 
2 9.07 15.11 85.5 S4.6- 86.4 
l 8.08 16.04 96.8 
2 15 “ intestine lipides 7.66 
9.07 15.51 86.6 
l 9.07 14.64 93.8 
l 25 “ heart lipides 9.79 
2 9.07 16.64 98.1 95.8-100.4 
3 25 “ skeletal muscle 7.71 
lipides 
l 25 mil. skeletal muscle 9.07 16.53 98.0 
lipides 


*1 mil. of the lipide extracts is equivalent to the following quantities of dry lipide- 
free tissue: cerebrum 8.92 mg.; kidney 15.54 mg.; intestine 23.6 mg.; heart 19.6 mg., 
and skeletal muscle 27.6 mg. 


Data from the determination of sphingosine in purified tissue lipide ex- 
tracts and recovery experiments with triacetylsphingosine added to these 
extracts are also given in Table I. The recovery of sphingosine ranged 
from 84.6 to 101.0 per cent and averaged 93.0 per cent. Although this is 
lower than is desirable for the determination to be considered absolutely 
“quantitative” in the usual sense of the word, the method may be con- 
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sidered to give approximate values for sphingosine. Sphingosine, like 
choline, appears to be stable to the whole hydrolysis procedure. Some 
variations in the volume of Ba(OH), used, the time of acid hydrolysis, and 
the total volume of CHCl, used in the extraction of sphingosine have been 
employed. The total CHCI,; volume does not appear to be critical within 
the range of 25 to 50 ml. The large volume of Ba(OH), used routinely is 
necessary for those tissues containing little sphingosine and for which 
larger lipide aliquots have to be used. Lower recoveries have been ob- 
served with kidney lipide hydrolyses with use of only 20 ml. of Ba(OTD).. 
We have analyzed all extracted aqueous phases for choline by the method 
previously reported (2) as a hydrolysis control, since these extracts were 
the same as those used in the study of lipide hydrolysis for the determination 


Il 
Total Sphingosine Content of Dog Tissues 


Total sphingosine pergm. Sphingosine N, ng cent Total sphingosine 
Tissue dry lipide free residue of total lipoie eN from cerebrosides 
and sphingomyelins 


Dog 4 Dog 5 Dog6 Dog Dog 6 of beef tissue 


331 426 33.8 38.3 436 
Skeletal muscle ......... $46 .-62 12.1 8.7 17.0 
22.5: 24.6 19.6 12.7 | 11.6: 10.7 
39.4 30.2 19.1 12.6 36.5 
21.6; 2.7: 10.3 17.11 170 22.8 

2 41.0 


* Calculated from the data of WKaucher ef al. (9); expressed as average micromoles 
per gm. of dry lipide-free residue. 


of choline. In several instances not reported in Table 1, hydrolysis was 
incomplete with 20 ml. of saturated Ba(OH)». 

The duration of acid hydrolysis may or may not be critical. The 13 
hour hydrolysis recoveries have always been satisfactory; however, our 
data do not prove that a 4 hour hydrolysis is unsatisfactory. Whether or 
not the acid hydrolysis is necessary at all would, of course, depend on the 
partition of psychosin between CHCl; and water. It would certainly b> 
expected to be more soluble in the acid aqueous phase than sphingosine 
itself. For routine determinations we are arbitrarily using 1} hour hydrol- 
yses. 

A summary of analyses of dog tissue lipide extracts for total sphingosine 
is reported in Table II. These extracts were previously analyzed for total 
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lipide nitrogen, phosphorus, and choline (2). Sphingosine is therefore 
expressed in terms of micromoles per gm. of dry lipide-free tissue. 


DISCUSSION 


Several factors must be considered in evaluating this method for the 
determination of sphingosine. The specificity of the method for the 
sphingosines alone depends on two assumptions: (1) that lipide extracts 
prepared and purified as described (1) are free of impurities which would 
contribute nitrogen to chloroform extracts of their hydrolysates, and (2) 
that tissue lipides contain no bases other than sphingosine which are ex- 
tractable with chloroform from aqueous solutions at low pH. The first 
assumption is most probably valid because a minimum of nitrogenous 
impurity remains in these purified extracts. Also, after prolonged hy- 
drolysis the breakdown products of most nitrogenous impurities would 
probably exist in ionic state at the extraction pH and not pass into the 
chloroform layer. The second assumption holds for all the nitrogenous 
substances in lipides which have been characterized. However, the “neu- 
raminic acid” isolated by Klenk (6) as a component of gangliosides con- 
tains primary amino nitrogen. Whether this substance or its hydrolysis 
breakdown products, if there are any, would be chloroform-extractable 
cannot be stated. Only an amine of predominantly hydrocarbon charac- 
ter such as sphingosine would be expected to show preference for solvents 
over water with its amino group charged. 

In this connection it may be noted that the spleen lipides of Dogs 4 and 6 
contained only 19.5 and 17.6 per cent of sphingosine nitrogen, whereas the 
nitrogen to phosphorus ratio of these extracts was 1.31. If sphingosine 
were to account for all “extra’”’ nitrogen over a N:P ratio of 1.00, then the 
percentage of sphingosine nitrogen should have been 23.6 per cent of lipide 
nitrogen. This discrepancy greatly exceeds the error of the methods. 
Hence, another nitrogenous substance is present which ts not included in 
the sphingosine determination. Since beef spleen contains gangliosides (7), 
it is probable that they are also present in dog spleen and the neuraminic 
acid component may be the source of at least part of this extra nitrogen. 
In general, however, the lipide extracts of the other tissues with high N:P 
ratios have sphingosine contents approximating the ‘‘extra’’ nitrogen over 
the ratio of unity. 

Dihydrosphingosine would be expected to accompany sphingosine in the 
chloroform extraction of the acid hydrolysate and both forms of sphingo- 
sine should, therefore, be determined by this method. However, the 
matter cannot be considered settled until data are obtained with pure 
dihydrosphingosine. 

The actual determination of nitrogen in the chloroform extracts is some- 
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what inconvenienced by the fatty acids present and subject to the usual 
mechanical objections to all test-tube digestion analyses. However, we 
have found reliability in triplicate analyses on each extract and the sensi- 
tivity of the method described should make it useful. In our hands the 
average deviation from the mean nitrogen value is usually not over 2.5 
per cent and is occasionally as low as 1.5 per cent. The analysis of the 
chloroform extracts for nitrogen by a Kjeldahl type of digestion and distil- 
lation should increase the precision of the method, but would greatly in- 
crease the amount of lipide extract needed for the determination. 

Sphingosine might also be determined by the chromic acid oxidation 
described by Bloor (8) for the determination of fatty acids. We have 
found that this reagent oxidizes sphingosine and _ triacetylsphingosine 
completely to CO., HO, and NH;. The oxidation is quantitative and 
reproducible when a 45 minute oxidation period is used. However, fatty 
acids would have to be removed before such a measurement of sphingosine 
could be applied to lipide hydrolysates. It may be noted that sphingosine 
would be a contaminant in the determination of fatty acids by this method, 
since the acids are usually extracted from acidified hydrolysates. The 
error thus introduced would be considerable in the determination of fatty 
acids in some tissues. 

Expression of concentration of the various lipide bases in terms of 
micromoles per gm. of dry lipide-free residue has been taken as a course of 
accuracy, convenience, and for a more significant method of expressing 
results. It greatly expedites the quantitative manipulation of frozen 
fresh tissue powder, since only the tissue which is extracted contributes 
lipide material and is weighed as the residue. It is essentially an expression 
of moles of lipide base per gm. of cellular metabolic substance and automat- 
ically rules out artifacts resulting from changes in dry weight or neutral 
fat in a tissue. 

The results obtained from the application of this method to the analysis 
of dog tissue lipides cannot be directly compared with results from other 
methods. However, one can roughly compare them with the sphingosine 
equivalent of the sum of the glycolipides and sphingomyelins found in 
beef tissues by Kaucher et al. (9). In their study glycolipide was deter- 
mined by measurement of galactose by reduction, and sphingomyelins 
by precipitation as the reineckate and determination of phosphorus on 
the precipitate. Since total lipide as per cent of dry weight of tissue was 
also given in this report, one can calculate the micromoles of cerebrosides 
and sphingomyelines per gm. of dry lipide-free residue in the several 
tissues. Data from this study may thus be compared with our own 
(Table II). The magnitude of the sphingosine contents is generally com- 
parable. Differences may be ascribed to species differences as well as to 
those arising from analytical methods. 
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The absolute amount of sphingosine per gm. of dry lipide-free tissue 
residue was found to vary considerably from dog to dog. This was also 
the case with nitrogen, phosphorus, and choline. However, the data show 
less Variation in the per cent sphingosine nitrogen of total lipide nitrogen. 
As was suggested in the case of choline, nitrogen, and phosphorus, it would 
appear that the composition of the tissue lipides is fairly constant in normal 
animals, although the absolute amount per gm. of dry tissue residue may 
vary. 


SUMMARY 


A method is described for an approximate determination of sphingosine 
in whole lipide extracts which have been freed of non-lipide impurities. 
The method is based on a chloroform extraction of the aqueous lipide 
hydrolysate which is both specific and relatively quantitative for sphingo- 
sine. Sphingosine is then determined on the chloroform extract as nitrogen. 
The method has been used routinely in the range of 6 to 20 um of sphingosine 
with triplicate nitrogen analyses. Sphingosine nitrogen comprises from 
8 to 35 per cent of total lipide nitrogen in the tissues analyzed. 
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THE SYNTHESIS OF 17-(METHYL-C")-TESTOSTERONE AND 
21-C™-PROGESTERONE 
By HAROLD B. MacPHILLAMY anp CAESAR R. SCHOLZ 


(From the Division of Chemistry, Research Department, Ciba Pharmaceutical 
Products, Inc., Summit, New Jersey) 


(Received for publication, September 18, 1948) 


The use of steroid hormones containing tagged atoms promises to have an 
important part in the study of their metabolism. The relative availability 
of radioactive C' manufactured in the uranium chain-reacting pile at Oak 
Ridge has facilitated the synthesis of such compounds containing labeled 
earbon atoms (1). Through the cooperation of Dr. Konrad Dobriner of 
the Sloan-Kettering Institute for Cancer Research we have been able to 
synthesize two important members of this group of substances, methyl- 
testosterone and progesterone, having the radioactive atom in the side 
chain. 

Since the radioactive carbon was available to us in the form of methyl 
iodide, both syntheses used Grignard reactions. The usual procedure for 
the preparation of methyltestosterone is to start with dehydroisoandro- 
sterone acetate and to use a large excess of methylmagnesium iodide. 
Obviously this method was not suitable for our synthesis. We, therefore, 
used the method of Miescher (2) in which androstene-3 ,17-dione 3-enol 
ether was allowed to react with 1 mole of the Grignard reagent. This 
proved to be a satisfactory method, giving in one step a yield of 42 per cent 
of purified product based on the methyl] iodide used. 

Our synthesis of progesterone was based on the general method for the 
preparation of ketones developed by Gilman and Nelson (3, 4). In this 
method the desired organocadmium derivative is made from the corre- 
sponding Grignard reagent and then allowed to react with an acid 
chloride. This has been applied to steroid syntheses with good success (5, 
6), and -eemed to us to afford the most suitable method for the synthesis 
of progesterone. In spite of the fact that a large excess of Grignard 
reagent is usually used, we were able to obtain a yield of 50 per cent of 
pregnenolone acetate with only equimolecular quantities of methyl iodide 
and 3-acetoxy-A*-etiocholenic acid chloride. Subsequent hydrolysis to 
pregnenolone followed by an Oppenauer oxidation gave an over-all yield of 
26 per cent of purified product based on the methyl iodide used. 


EXPERIMENTAL 


17-(Methyl-C"*)-testosterone—The methylmagnesium iodide was pre- 
pared from 1.34 gm. of C'\methyl iodide containing 1.14 millicuries 


37 


38 TESTOSTERONE AND PROGESTERONE 


essentially as described by Tolbert (7). Our vacuum system was somewhat 
simpler than his and we used dry ice baths instead of liquid nitrogen. An 
equivalent of magnesium was placed in the reaction flask and the tube 
containing the frozen methy! iodide was sealed to the vacuum system. ‘The 
apparatus was then evacuated with an oil pump, the system closed off, and 
the methyl iodide distilled into the reaction flask. This was then removed 
from the vacuum system while cold, and an addition funnel was attached. 
About 15 ml. of dry ether were admitted to the reaction flask and on warm- 
ing to room temperature the Grignard reaction took place. After refluxing 
for a half-hour to complete the reaction, a solution of 2.96 gm. of At‘- 
androstene-3 ,17-dione enol ethyl ether (8) in 15 ml. of dry benzene was 
added. The mixture was then refluxed for 3 hours. The Grignard com- 
plex and the enol ether were hydrolyzed by adding 25 ml. of 10 per cent 
sulfuric acid and stirring at room temperature for 2 hours. The benzene- 
ether layer was separated and the aqueous phase extracted twice with 
ether. The combined extracts were washed with dilute sodium bicar- 
bonate solution and water, dried, and the solvents removed. The crystal- 
line residue was recrystallized from a small amount of ethyl acetate. 
The mother liquor fraction was chromatographed on alumina in benzene 
solution and the fraction eluted with 50 per cent benzene-ether vielded 
additional crystalline material. This was combined with the first fraction 
and recrystallized again from ethyl acetate. In this way we obtained 1.24 
gm. (42 per cent) of material melting at 163-164°, [a]?> = +-87° in ethanol. 
This material showed no melting point depression with a known sample of 
methyltestosterone and gave the same infra-red absorption spectra. 

Acetate—The Grignard reagent in this 
synthesis was prepared as described above by using 726 mg. of C'-methy! 
iodide containing 2 millicuries. After the reaction was complete 5 ml. of 
dry ether and 1.20 gm. of dry cadmium bromide were added with stirring. 
This mixture was refluxed for 2 hours, during which time the stirring was 
continued. The heat was then removed and the acid chloride from 1.82 
gm. of 3-acetoxy-A'-etiocholenic acid dissolved in 5 ml. of dry benzene was 
added in small portions. After the addition was complete the mixture was 
refluxed for 2 hours. It was then cooled and 4 ml. of water and 5.5 ml. of 
10 per cent hydrochloric acid were added. The mixture was stirred for a 
half-hour and allowed to stand overnight. 

The acid solution was extracted with ether and the extract washed with 
water, sodium bisulfite solution, 5 per cent potassium hydroxide solution, 
and finally with water. The potassium salt of the unchanged acid was 
relatively insoluble, so that its filtration from the extraction mixture was 
necessary. After drying the ether solution, the solvent was removed, 
leaving 930 mg. (50.6 per cent based on methyl iodide) of crude 21-C™- 
pregnenolone acetate, melting point 138-144°. 
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21-C"*- Pregnene-3-ol-20-one—The above crude acetate was saponified by 
refluxing it for 2 hours in a solution of 25 ml. of methanol containing 1 gm. 
of potassium carbonate and 2 ml. of water. The mixture was concentrated 
in vacuo, diluted with water, and the steroid extracted with ether. The 
ether solution was washed well with water, dried, and the solvent removed, 
yielding 750 mg. (91.5 per cent) of crude pregnenolone, m.p. 165-175°. 

21-C-Progesterone—-The above material was oxidized directly by the 
Oppenauer method. It was dissolved in 50 ml. of dry toluene and 7.5 ml. 
of cyclohexanone were added. About 10 ml. of liquid were distilled to dry 
the system and then about 300 mg. of aluminum isopropylate were added. 
After refluxing for an hour, the solution was cooled, water was added, and 
the mixture steam-distilled to remove the toluene and cyclohexanone. It 
was finally concentrated to dryness, dilute hydrochloric acid added, and the 
progesterone extracted with ether. The ether solution was washed, dried, 
and the solvent removed, leaving 530 mg. of crude crystalline material, 
m.p. 110-118°. This was further purified by chromatography and yielded 
250 mg. of pure radioactive progesterone, m.p. 126-128°, 175 mg. of cruder 
material, and a non-crystalline oil. The over-all yield of usable material 
was 26.2 per cent, based on the methy! iodide used. 

Radioactivity Determinations—The methyltestosterone had an activity 
of 2.7 X 10? millicuries per mole or 0.9 microcurie per mg. The progester- 
one had an activity of 4.3 X 10? millicuries per mole or 1.4 microcuries per 
mg. The determination was made in the following way. The steroid 
after appropriate dilution was burned and the carbon dioxide collected in 
barium hydroxide solution. After washing and drying, the precipitated 
barium carbonate was converted to carbon dioxide and the absolute 
activity of the gas measured with the carbon dioxide-carbon disulfide 
mixture reported by Miller (9) and the apparatus described by Eidinoff 
(10). The relative activity by this procedure is reliable within 2 per cent 

and the absolute activity is accurate within 10 per cent. 

In a recent paper Riegel and Prout described a similar synthesis of 
21-C*-progesterone (11). 


We wish to express our thanks to Professor Melvin Calvin and Dr. B. M. 
Tolbert of the University of California for the radioactive methyl iodide. 
We are also greatly indebted to Dr. M. L. Eidinoff of the Sloan-Kettering 
Institute for Cancer Research for making the radioactive determinations 
through the generous cooperation of Dr. T. F. Gallagher. 


SUMMARY 


We have synthesized two steroid hormones, methyltestosterone and 
progesterone, with radioactive C™ in the side chain. 
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THE SYNTHESIS OF PROLYLCYSTEINYLTYROSINE 
By ALBERT A. PLENTL* 


(From the Research Laboratories of the Evans Research and Development Corporation, 
New York) 


(Received for publication, September 28, 1948) 


Although cysteine-containing peptides are of considerable interest to 
the biochemist, relatively few such compounds are known. The biologic 
significance of these substances is not limited to the oxidation-reduction 
system of the sulfhydryl-disullide linkage, but cysteine- or cystine-con- 
taining peptides and proteins are of considerable pharmacologic interest. 
Among such compounds may be mentioned insulin and at least two of the 
hormones of the posterior pituitary, the oxytocic and the pressor principles. 

During a systematic investigation of the oxytocic principle, it became 
necessary to prepare model compounds for chemical degradation experi- 
ments, as well as for studies involving the action of enzymes and reaction 
kinetics. A model compound of this type must meet certain requirements; 
¢.g., it must be relatively easy to prepare in adequate amounts and must 
show some similarity to the compound that it is supposed to represent. 
This implies that it contains, most, if not all, of the amino acids of the 
oxytocic principle. Hence, known peptides containing cysteine or cystine 
would not be suitable for this purpose. 

The best available evidence regarding the amino acid composition of 
the oxytocic principle points to the presence of arginine, cysteine, proline, 
leucine, and tyrosine. Using purified preparations, Stehle and Trister (1) 
isolated tyrosine as the picronolate, arginine as the flavianate, proline as 
the reineckate, and leucine as its hydantoin from hydrolysates of the 
oxytocic principle. The presence of tyrosine and cysteine has been dem- 
onstrated by du Vigneaud ef al. (2) and confirmed by others (3-7). Since 
synthetic methods whereby arginine could be introduced into an endo 
position are not very satisfactory, and since the introduction of leucine 
was expected to contribute little to the anticipated degradation studies, 
our attention was directed toward the synthesis of a tripeptide containing 
cysteine, proline, and tyrosine. 

Of the six possible combinations in which these three amino acids may 
exist in a peptide chain, only those containing cysteine in the endo position 
were thought to be of particularinterest. These are prolylcysteinyltyrosine 
and tyrosyleysteinylproline, either of which would serve the purpose equally 
well. The choice between them would depend upon the ease of preparation. 


* Present address, Sloane Hospital for Women, 622 West 168th Street, New York 32. 
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Tyrosvleysteinylproline would have to be prepared through the inter- 
medium of the unstable proline ester, whereas no difficulty was anticipated 
in the synthesis of prolyleysteinyltyrosine. The present communication, 
therefore, deals with the preparation of this compound by well established, 
synthetic methods. 

Carbobenzoxyproly! chloride was prepared by the method of Abderhalden 
and Nienburg (8) and condensed with the ethyl ester of S-benzyleysteine. 
In the original attempt, 2 moles of free ester were used per mole of acid 
chloride in order to neutralize the free hydrochloric acid liberated as the 
reaction proceeded. Under these conditions, solubility relations were such 
that the product was heavily contaminated with ester hydrochloride, a 
complication which could be avoided by the use of slightly more than 1 
equivalent of pyridine for each mole of acid chloride. Pyridine hydro- 
chloride precipitated from the solution as the reaction proceeded, and thus 
only 1 equivalent of free ester was required. Satisfactory vields were ob- 
tained and the quality of the product was greatly improved. 

Carbobenzoxyproly!l-S(benzyl)-cysteine ethyl ester could be saponified 
to the free acid, but the corresponding acid chloride proved unsatisfactory 
for further synthetic operations. By the alternate route, the ester was 
transformed into the hydrazide, which was readily soluble in dilute acetic 
acid, the solvent of choice for the formation of the azide. This azide was 
allowed to react with free tyrosine ethyl ester in ethyl acetate solution to 
give carbobenzoxyprolyl-S(benzyl)-cysteinyltyvrosine ethyl ester which, 
after saponification in aqueous solution, was treated with sodium in liquid 
ammonia. ‘This treatment resulted in the simultaneous removal of the 
carbobenzoxy and benzy! groups leading to the free, reduced tripeptide. 
Final purification was accomplished by means of the copper salt in a manner 
similar to that employed for glutathione (9). The tripeptide crystallized 
readily from dilute alcoholic solution (Fig. 1). 


EXPERIMENTAL 


Carbobenzory-L-prolyl Chloride—This compound was prepared according 
to the procedure of Abderhalden and Nienburg (8). 

Carbobenzory-L-proplyl-S(benzyl)-L-cysteine Ethyl Ester—40 gm. of 5- 
benzylcysteine ethyl ester hydrochloride were dissolved in 200 cc. of water 
and the solution was cooled in ice. Sufficient 20 per cent sodium carbonate 
was then added to liberate the free base quantitatively. The product 
separated as a heavy oil that was extracted with ethyl acetate; the extracts 
were dried and concentrated to 100 ec. 20 cc. of anhydrous pyridine 
were then added to this solution with exclusion of moisture and the mixture 
was cooled in ice. With rapid stirring and continued cooling, a solution of 
18.1 gm. of carbobenzoxy-L-prolyl chloride in 200 cc. of absolute ether 
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i was added, drop by drop, over a period not exceeding 13 minutes. Stirring 
ted was continued for another hour at O° and the mixture allowed to stand cal 
room temperature tor an additional hour. 


Phe Wats then poured into 500 ee. of per cent hydre- 
chlonic acid. The ethyl acetate laver was separated and washed with water 
eon and sodium bicarbonate, dried over magnesium sulfate, filtered. and eViapo- 
lo rated to dryness under reduced pressure. The residue ervstallized in- 
cid stantly. After reerystallization from dilute alcohol, ether. and petroleum 
mat ether-ether mixture, the compound melted at 75 77°. 12.2 gm. of the 
sad pure product were obtained. 
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** 643.76, 6.28, 6.05. 6.51 
300 mg. of the esterdeseribed 
ling above were ground in a mortar and suspended in an excess of 2.~ alkali. 
The mixture was then warmed to 80° with agitation. The resulting clear 
f Ss. solution was acidified and the precipitated produet worked up in the usual 
ater manner, It was reerystallized from dilute aleohol. mp. 128); 250 mg. of 
nate pure product were obtained, 
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benzoxv-L-proly benzvl)-L-evsteine ethyl ester were dissolved in 200 ec. 
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a absolute ethyl aleohol, To this solution were added 25 cc. of hydrazine 
hvdrate and the mixture was allowed to stand in the tee box tor 72 hours 
The ery stalk were collected and reervetallized trom dilute ethyl aleolvol, 
mp. S2 gm. of the puire preowhuct Was obtoaimmed 


iw VN 12 Us found, N 312.51 ~ 


Carbobonzory-- prolyl tyrosine Ethyl beter SA 
gm. af the above hvdrazide were dissolved ee. of peer cent 
weetie acid, This solution was cooled in ice and 1.20 ga. equivalent) of 
~xhum nitrite, dissolved im of water, added, The azide precipitated 
as an oland was extracted with coldether, The ethere tracts were dred 
with magnesium sulfate and added to 3.05 gm. of tyrosine ethyl ester 
105) dissolved in ce. of ethyl acetate, After the mixture 
had stood at room temperature tor 24 hours, a ervestalline material hod 
preipitated, 4.40 gm. of the crude product were obtamed. This com 
could be stallized from ether-cthvl acetate or acetone water 


mixture, mp. loo 


Carbon prolyl-S (benzyl) tyrosine 2 ot the tri 
peptide ester were finely ground in a mortar and shaken with an excess of 
28 NaQOllat room temperature until most of had dissolved. The cloudy 
solution Was extracted with ethyl aeetate, and the laver acidihed 
with chlute hvdrochlone The tree acid precipitated as cam onl thet 
ervstallized stamiing the box overnight Miter several re 
ervetallizations trom dilute alcohol, the pure substance melted at 1.70 
gm. pire product were obtamed 

Onlealatead ( @ a. 145.78. 6.94. 


Because of diffieultios involved in accurate molecular werght determination 
of the tree tripeptide, this was made at the tte 


collected ina 200 three necked, rownd bottom flask eooled a mixture 
ice and acetone, 200 mg. of metalle sodiam were required for the 
reduction of 1.70 gm. af prolyl Si livrosine, 
untila permanent blue color was obtamed me. of 
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chloride were then added, which decolorized the solution almost immedi- 
ately. Nitrogen was then blown through the mixture in order to avoid 
oxidation by atmospheric oxygen and to help in the spontaneous evapo- 
ration of ammonia. After 24 hours of this treatment, a small amount of 
white crystalline material remained in the flask with almost no residual 
ammonia. The residue was dissolved in 30 cc. of water, kept under a 
vacuum at room temperature for 2 hours, and then adjusted toa pH be- 
tween 3 and 5 by the addition of dilute sulfuric acid. A suspension of 
freshly prepared cuprous oxide was added in small portions, the total 
amount of which was so adjusted that a slight excess was present at the 
end of the reaction. This mixture was stirred for 10 hours and then al- 
lowed to stand at room temperature for 24 hours. The precipitate was 
centrifuged, washed with water, and hydrogen sulfide was passed through 
its aqueous suspension. Following the removal of copper sulfide, the clear 
filtrate was concentrated under reduced pressure. A fine crystalline pre- 
cipitate appeared when the volume was less than 10 ce. It was collected 
and recrystallized from water and dilute ethyl alcohol. 
CyH,ONS- 2.0. Caleulated. C 48.9, H 5.50, N 10.05, S 7.72, HO 8.62 


A solution of the crystalline tripeptide in constant boiling HCl con- 
taining no amino nitrogen and 0.640 mg. of total (Kjeldahl) nitrogen per 
ec. was refluxed for 24 hours. The total nitrogen remained unchanged 
and the amino nitrogen rose from 0.0 to 0.428 mg. per ce. Hydrolysis 
had therefore resulted in the formation of two new amino groups. This 
observation furnished additional evidence to substantiate the peptide 
nature of the compound. 


SUMMARY 


The polypeptide, prolyleysteinyltyrosine, has been synthesized by 
standard methods. The synthesis was accomplished by condensing carbo- 
benzoxyprolyl chloride with S-benzyleysteine ethyl ester and transforming 
the condensation product into its hydrazide; its reaction with nitrous acid 
produced a soluble azide which could easily be condensed with tyrosine 
ethyl ester to give carbobenzoxyprolyl-S(benzyl)-cysteinyltyrosine ethyl 
ester. The free reduced tripeptide was obtained in good yield by removing 
the protecting groups with sodium and liquid ammonia. 


HIBLIOGRAPHY 


1. Stehle, R. L., and Trister, S. AL., J. Pharmacol. and Erp. Therap., 65, 343 (1939). 
2. du Vigneaud, V., Sealock, R. R., Sifferd, R. H., Kamm, O., and Grote, L. W., 
Proc. Am. Soe. Biol. Chem., J. Biol. Chem., 100, p. xciv (1933). 


4 
- 


46 PROLYLCYSTEINYLTYROSINE SYNTHESIS 


. Sealock, R. R., and du Vigneaud, V., J. Pharmacol. and Exp. Therap., GA, 433 
(1935). 


. Stehle, R. L., and Frazer, A. M., J. Pharmacol. and Exp. Therap., 66, 136 (1985 


. Irving, G. W., Jr., Dver, H. M., and du Vigneaud, V., J. Am. Chem. Sor, 68, 3G 
(1941). 


. Freudenberg, K., Weias, E., and Biller, H., Z. physiol. Chem., 233, 172 (1955 

. Potts, A. M., and Gallagher, T. F., J. Biol. Chem., 148, 561 (1942); 164, 349 IGE). 
. Abderhalden, E., and Nienburg, H., Fermentforschung, 18, 573 (1933). 

. Hopkins, F.G., J. Biol. Chem., 84, 269 (1929). 


THE UTILIZATION OF GLYCINE FOR THE BIOSYNTHESIS OF 
BOTH TYPES OF PYRROLES IN PROTOPORPHYRIN 


By JONATHAN WITTENBERG® axon DAVID SHEMIN 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, October 4, 1948) 


Although it has been shown that glycine is the nitrogenous precursor of 
the protoporphyrin moiety of hemoglobin (1, 2), it has not been previously 
established that glycine is utilized for the formation of all four pyrrole 
structures of the porphyrin. In protoporphyrin (Fig. 1) two of the pyrrole 
rings (1 and II) contain methyl! and viny! side chains and two (III and IV) 
contain methyl and propionic acid side chains; it is conceivable that these 
two different pyrrole structures are synthesized in the animal organism 
from different precursors. Degradation experiments were therefore under- 
taken to study the distribution of isotopic nitrogen in N“-labeled heme, 
produced in vivo after the administration of N"-labeled glycine, in order to 
determine whether glycine is used in the synthesis of both pyrrole types. 

The degradation studies were carried out in a manner to give unequivocal 
data with respect to separation of the two different pyrrole structures found 
in protoporphyrin. Labeled hemin, obtained from the blood of a human 
and from the blood of ducks, after the administration of N'*-labeled glycine, 
was converted into hematoporphyrin dimethyl ether which was subse- 
quently oxidized to yield methylmethoxyethylmaleimide (from pyrrole 
rings I and II) and methyl propionic acid maleimide or hematinic acid 
(from pyrrole rings III and IV) (Fig. 1). It can be seen from Table I 
that in each experiment the N“ values of the methylmethoxyethylmaleimide 
from pyrrole rings I and II and of the hematinic acid from pyrrole rings III 
and IV were equal, and were identical with the N“ concentrations in the 
porphyrin. Therefore, these experiments demonstrate that glycine is 
utilized equally for the formation of the two types of pyrroles in the proto- 
porphyrin. These findings are in harmony with the hypothesis that in the 
biosynthesis of protoporphyrin a pyrrole ring is formed which is a common 
precursor of both types of pyrrole structures found in the protoporphyrin. 

These studies do not as yet reveal the mechanism by which glycine is 
utilized in the biosynthesis of the porphyrin. However, this report, to- 
gether with our previous work, demonstrated directly that the nitrogen of 


* United States Public Health Service Fellow for 1948. This report is from a dis- 
sertation to be submitted by Jonathan Wittenberg in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in the Faculty of Pure Science, 
Columbia University. 
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The results are expressed as atom per cent excess NY. 


N* concentrations in 


dimethy! ether (pyrroles 111 and IV) 
0.293 0.292 0.295 


0.113 0.112 0.113 


glycine is utilized for the formation of heme. That the a-carbon atom of 
glycine is indeed utilized along with the nitrogen has been subsequently 
proved both by Altman et al. (3) and by Radin et al.' in the rat, and with the 
nucleated red cells of the duck (4).' On the other hand it has been demon- 


1 Radin, N., Rittenberg, D., and Shemin, D., unpublished results. 
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strated that the carboxyl carbon atom of glycine is not found in the tetra- 
pyrrole, hemin, after the administration of carboxyl-labeled glycine to the 
dog (5) and to the rat' and on incubation with red blood cells of the duck.! 


EXPERIMENTAL 


N™ Hemin from Ducks—A solution of glycine containing 32 atom per 
cent excess N“ was injected intraperitoneally into two ducks. 1.5 gm. of 
glycine per kilo of body weight were administered in four injections spaced 
over a period of 2 days. 12 days later the birds were killed by exsanguina- 
tion and from the pooled blood (175 ec.) 0.73 gm. of hemin was isolated by 
the usual method (6). 

N* Hemin from Human—A woman with polycythemia vera consumed 
at frequent intervals over a period of 2 days 48 gm. of glycine labeled with 
32 atoms per cent N“ excess. For therapy blood was withdrawn 16 and 30 
days after the start of the experiment. The hemin was isolated from the 
pooled samples of blood. 

Preparation of Hematoporphyrin Dimethyl Ether—ematoporphyrin 
dimethyl ether was prepared from the N"-labeled hemin by a combination 
of the methods of Kiister and Maurer (7) and of Fischer and Orth (8). 
2.5 gm. of hemin were dissolved in 63 gm. of a solution of anhydrous hydro- 
bromic acid in glacial acetic acid (density 1.41 at 0°) and stirred gently for 
3 days at room temperature. The solution was taken to dryness in 
vacuo (bath temperature not over 50°) and the residue dried in vacuo over 
NaOH. The resulting crude dibromoporphyrin was dissolved in 23 ce. 
of absolute methanol, and 12.5 ec. of 20 per cent KOH in absolute methanol 
were added. After 12 hours at room temperature the solution was diluted 
with methanol, centrifuged, filtered, and taken to dryness in vacuo at 50°. 
The free porphyrin was isolated from the potassium salt by treatment with 
25 per cent acetic acid and extraction into ether, evaporation, and storage 
in vacuo over NaOH. The yield of hematoporphyrin dimethyl! ether, red- 
violet crystals, was 2.2 gm.; this was used for degradation experiments. A 
purer product can be obtained by dissolving in ether and concentrating toa 
small volume. 

Oxidation of Hematoporphyrin Dimethyl Ether—The porphyrin was 
oxidized according to the method of Kiister and Maurer (7). A solution of 
4.62 gm. of chromic acid in a small amount of water was added with stirring 
over a period of 4 hours to a solution of 2.1 gm. of the porphyrin in 170 ec. 
of 20 per cent sulfuric acid. Stirring was continued for 18 hours, at which 
time the solution was green. The reaction mixture was diluted with water 
and extracted with ether for 4 to 5 hours in a continuous extractor. The 
ether solution containing both the methylmethoxyethylmaleimide and the 
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hematinic acid was shaken once with 50 cc. of a 5 per cent sodium bicarbon- 
ate solution to remove the hematinic acid. The bicarbonate solution was 
then extracted six times with equal volumes of ether and the ether extracts 
combined with the original ether solution for the isolation of methyl- 
methoxyethylmaleimide. 

Preparation of Methylmethoxyethylmaleimide —The ether was removed by 
warming and the residue sublimed at 70-S0° at 3 mm. of pressure. 0.52 
gm. of crude crystals was obtained which were purified to constant melting 
point by recrystallizations from 15 to 20 ec. of petroleum ether (b.p. 70-90°). 
The yield of pure material was 0.36 gm.; m.p. 58.6-59.2° (Kister and 
Maurer (7) reported m.p. 58-59°). 


uN. Calculated. C 5468,H66,N83 
Duck blood. Found. * 


Preparation of Hematinic Acid —The bicarbonate solution from above 
was immediately made acid to Congo red paper with dilute sulfuric acid 
and after decolorization with a small amount of charcoal was extracted 
ten times with equal volumes of ether. The ether was removed tn vacuo 
and the residue dried tn vacuo over NaOll. The crude hematinic acid, 0.7 
gm., was dissolved in ether and crystallized by the gradual addition of pe- 
troleum ether (b.p. 70-90°). Two recrystallizations usually sufficed to 
bring the material to a constant melting point. The yield was 0.46 gm.; 
m.p. 114-115°. (Kiister (9) reported 113.5-114.5°.) 


CMON. Caleulated. C 52.5, H 5.0, N 7.7 


Duck blood. Found. * * 
SUMMARY 


Glycine labeled with N' was administered to ducks and to a human, and 
hemin was isolated from the red cells. The labeled hemin was degraded in 
order to study the isotope concentrations of the nitrogen atoms in the 
pyrrole structures of the porphyrin. The hemin was converted to hema- 
toporphyrin dimethyl ether which was then oxidized to yield methyl- 
methoxyethylmaleimide (derived from the methylvinylpyrroles of the 
porphyrin) and hematinic acid (derived from the methyl propionic acid 
pyrroles of the porphyrin). The N" concentrations were found to be equal 
in the porphyrin, in the methylmethoxyethylmaleimide, and in the hema- 
tinic acid. These data demonstrate that glycine is the precursor for both 
types of pyrroles in the protoporphyrin molecule. 
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CHROMATOGRAPHY OF AMINO ACIDS ON STARCH COLUMNS. 
SOLVENT MIXTURES FOR THE FRACTIONATION 
OF PROTEIN HYDROLYSATES 


By STANFORD MOORE axon WILLIAM H. STEIN 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, October 8, 1948) 


In previous communications (1-3) procedures have been described for 
the quantitative separation of amino acids by chromatography on starch. 
The present paper is concerned with the extension of these techniques to 
include most of the amino acids commonly found in protein hydrolysates. 
In the earlier experiments n-butyl aleohol-benzy! alcohol solvents contain- 
ing about 15 per cent water were employed to separate phenylalanine, 
leucine, isoleucine, methionine, tyrosine, and valine. In all aleohol-water 
solvents these are among the fastest moving amino acids on starch columns. 
Preliminary experiments had indicated (1) that the amino acids with 
slower rates of travel could be eluted successfully from the column by the 
appropriate choice of acidic solvents of higher water content. Many types 
of solvents have subsequently been investigated in order to arrive at a 
convenient system for the fractionation of protein hydrolysates. 

The effluent concentration curves shown in Figs. 1 and 2 give the results 
obtained with two of the solvent mixtures which have proved most useful. 
The synthetic mixture of amino acids chromatographed corresponded in 
composition to a hydrolysate of bovine serum albumin. The effluent from 
the column was collected in a series of 0.5 cc. fractions on an automatic 
fraction-collecting machine (2). The amino acid concentration in each 
fraction was determined by the photometric ninhydrin method previously 
described (3). For the curve in Fig. 1, the column is started with a 
solvent composed of n-butyl alcohol, n-propyl alcohol, and 0.1 ~ HCl in 
the proportions of 1:2:1. After the emergence of aspartic acid, the rates 
of travel of the amino acids remaining on the column are increased by a 
shift of solvent to 2:1 n-propyl alcohol-0.56 xn HCl. In this experiment, 
the first six amino acids are incompletely separated, and a chromatogram 
run with 1:1:0.288 n-butyl alcohol-benzyl alcohol-water (2) is still re- 
quired for resolution of these components. 

The curve in Fig. 1 gives quantitative values for proline, threonine, 
aspartic acid, serine, glycine, ammonia, arginine, lysine, histidine, and 
cystine. Glutamic acid and alanine appear as a single peak. These two 
amino acids can be separated by the chromatogram illustrated in Fig. 2. 
The solvent in this case is composed of tert-butyl alcohol, sec-buty] alcohol, 
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and 0.1 ~ HCl in the proportions of 2:1:1. Thus, by the use of three 
columns it is possible to separate from one another the eighteen constit- 
uents most commonly encountered in acid hydrolysates of proteins. The 


Leucine + 
20-4 eucine 
15+ 
Alanine + 
Phenylalanine Glutamic acid 
| Valine Proline |} Threonine 
‘Methionine | Aspartic Lysine 
| a tist dine Cystine 
135, 428 52 59 5 100 106 13 149 163 
vent change 


Amino acid conc. mM 


Effluent cc. 


Fic. 1. Separation of amino acids from a synthetic mixture containing seventeen 
amino acids and ammonium chloride. Solvents, 1:2:1 n-butyl aleohol-n-propy! al- 
cohol-0.1 ~ HCl, followed by 2:1 n-propyl alcohol-0.5 ~n HCl. Column, 13.4 gm. of 
starch (anhydrous); diameter, about 0.9 cm.; height, about 30 cm. Sample, about 
3 mg. of amino acids. A is a small artifact peak (see the text). 
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Isoleucine 


112 


Ef fluent cc. 


Fic. 2. Separation of glutamic acid, alanine, and other amino acids from a syn- 
thetic mixture containing eighteen components. Solvent, 2:1:1 tert-butyl alcohol- 
sec-butyl alcohol-0.1 HCl. 


following experimental section describes the procedure employed to obtain 
results of the type shown in Figs. 1 and 2. The discussion deals with some 
of the considerations introduced by the presence of additional components 
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in the mixture being fractionated and outlines the results obtained by the 
use of other solvent combinations. ‘The results of analyses of hydrolysates 
of B-lactoglobulin and bovine serum albumin are given in the following 


paper (4). 
EXPERIMENTAL 


Preparation of Column—The potato starch column is poured as pre- 
viously described (2).!. Unless otherwise specified, starch columns 0.9 em. 
in diameter and about 30 em. in height have been used. The procedures 
ean be scaled up proportionately for columns up to 8 cm. in diameter. 
After the starch has settled to constant height, the excess butyl alcohol is 
removed and a 1:1 mixture by volume of n-propyl alcohol-0.5 nN HCl is 
placed on the column. The solvent is run through the column under a 
pressure of 8 cm. of mercury overnight, and the pressure is then raised to 
15cm. The solvent flow is continued until 0.5 ce. samples (neutralized) 
of the effluent and the influent solvent both yield the same color value 
when analyzed by the ninhydrin method. Starch contains small quantities 
of ninhydrin-positive material which are extracted by acidic alcohol sol- 
vents. The use of a propyl aleohol-HCl mixture with a 50 per cent water 
content serves to clean out the column fairly rapidly. When the number 
of ec. of the effluent required to yield a ninhyvdrin-negative column have 
been determined for a given batch of starch, the prescribed number of ce. 
can be used in the preparation of subsequent columns. For the samples 
of starch tested thus far, 55 ec. of the 1:1 solvent have proved adequate 
for columns 0.9 X 30 cm.2. When the column is ninhydrin-negative, the 
solvent mixture is changed to that to be used in the chromatographic 
analysis.* After the new solvent has been run through overnight at 15 
cm. pressure (20 to 25 cc. of effluent), the column is equilibrated and ready 
for use. Columns may be left in contact with solvents of low acidity, 


' For work with acidic solvents, the delivery tip of the chromatograph tube can be 
pulled down so that a drop of effluent collects therein. In this manner ammonia 
from the air is prevented from reaching the inner walls of the tip. Beveled tips are 
still required on tubes which will be used with water as the solvent. If a beveled tip 
is used with acidic solvents, the inside section, up to the sintered plate, must be rinsed 
with a stream of the solvent before the column is placed on the fraction collector. 
A pipette, the end of which has been bent to form a U, is used for the rinsing. 

? It is possible to wash large amounts of starch at one time with the propyl! alcohol- 
HCl! solvent, thus avoiding the preliminary washing each time a column is poured. 
This procedure is not recommended, however, since samples of starch washed and 
dried in the laboratory have been found not to give as uniform columns as the un- 
treated commercial material (2). 

* The solvents employed in these investigations have been prepared from n-butyl 
aleohol (reagent grade, Merck) and n-propyl alcohol, sec-butyl alcohol, and tert- 
butyl alcohol (c.p. grade, Columbia Organic Chemicals Company, Inc., Columbia, 
South Carolina). Redistillation prior to use has not been found necessary. 


ree 

it- 
‘he 

Cystine 

een 
al- 
1. of 
yout 


56 CHROMATOGRAPHY OF AMINO ACIDS 


such as those prepared from 0.1 N HCl referred to in Figs. 1 and 2, for 
about 2 weeks before use without deterioration. Prior to the addition of 
the sample, the surface of the column is packed as previously described 
(2). When acidic solvents are used there is no need for the 8-hydroxy- 
quinoline treatment, which has been shown to be essential when neutral 
solvents are employed (2). It is desirable to run about 0.5 ec. of solvent 
into the freshly packed surface before the addition of the sample. 

Addition of Sample to Column—The synthetic mixture of amino acids 
employed in the experiments shown in Figs. 1 and 2 was made up to sim- 
ulate an acid hydrolysate of bovine serum albumin. Toa total of about 1 
gm. of amino acids in a 10 cc. volumetric flask, 1.5 ec. of 6 N HCl were added 
and the solution diluted to volume with water. A 0.5 ec. aliquot of this 
solution was diluted to 10 cc. with the solvent to be used in the chromato- 
gram. A 0.5 cc. aliquot of the final solution, corresponding to 2 to 3 mg. 
of the amino acid mixture, was placed on the column and washed in as 
described earlier (2). In the developmental work on the placement of the 
peaks, simpler mixtures containing only a few components were similarly 
prepared. ‘The pipettes should be calibrated for delivery both with water 
and with the organic solvent mixture. 

Collection of Effluent Fractions—The delivery tip of the chromatograph 
tube is cleaned with a moist cloth and the column is placed on the auto- 
matic fraction collector (2). The pressure is maintained at 15 cm. and 
0.5 ec. fractions are collected. The flow rate on a properly packed column 
should be 1.25 to 1.50 ee. per hour. 

The use of propyl and tert-butyl alcohols on the fraction collector intro- 
duces problems which were not encountered with the butyl or benzyl 
alcohol solvent mixtures investigated earlier. When 0.5 cc. samples of 
the more volatile alcohol mixtures are allowed to stand on the machine 
overnight, there is considerable evaporation from the tubes. The loss in 
volume is not important, since the entire fractions are used in the ninhydrin 
analysis. But it has been noted that propyl alcohol-water mixtures, for 
example, have a marked tendency to creep up the glass walls of the photom- 
eter tube during the process of evaporation. Within 18 hours the solvent 
may creep almost to the top of the tube. The process can be observed 
by dissolving a few crystals of methyl red in 0.5 ec. of 2:1 n-propyl alcohol- 
0.5N HCl. The quantity of amino acid which is carried to the upper por- 
tions of the tube as the solvent evaporates may comprise 4 to 8 per cent of 
the total amount present. This material is not in contact with the nin- 
hydrin reaction mixture during the analytical determination. Hence, the 
recoveries of amino acid, under these conditions, run low. 

It has been found that the creeping of volatile alcohols can be completely 
eliminated by rendering the glass surface hydrophobic by means of a 
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silicone film. Glassware coated with a silicone film is repellent to water 
and to the water-miscible alcohols such as propyl alcohol and tert-butyl 
alcohol. For the present experiments all the sets of photometer tubes 
(3) for use with the fraction collector have been coated with Dri-film No. 
9987 (General Electric Company, Schenectady, New York), which is a 
mixture of organochlorosilanes. For polymerization on glass, the Dri-film 
is applied as a 5 per cent (by volume) solution in chloroform (reagent grade). 
The coating of the tubes should be carried out in a hood and gloves should 
be worn. ‘The glassware is first cleaned in chromic-sulfuric acid cleaning 
solution, thoroughly rinsed, dried at 110°, and allowed to stand at room 
temperature for | hour. When sets of 200 tubes are being coated, 200 ee. 
of the Dri-film solution are prepared. <A sheet of filter paper or a towel is 
placed on the bottom of each test-tube rack (3). The first ten tubes are 
filled about half full with the filming solution. Each tube is emptied 
rapidly over a flask or beaker, causing the solution to flow over the upper 
walls of the tube, and set to drain inverted in the rack. The filming solu- 
tion is used over again for the treatment of 200 tubes. The racks are left 
at room temperature overnight. The tubes are then returned to the up- 
right position and each rack is baked for 2 to 3 hours in an air oven at 
150-180°. This procedure has given more durable silicone films than those 
obtained by applying the Dri-film in vapor form or by the use of less con- 
centrated solutions of the coating agent. Control of the relative humidity 
at which the filming is conducted has not proved necessary. 

The film has no effect on the optical properties of the tubes as measured 
in the Coleman junior spectrophotometer. The silicone-coated tubes have 
maintained their water repellency during constant use for periods of about 
6 months, at the end of which time recleaning and refilming have been 
necessary. ‘The film is remarkably resistant to boiling water, alcohols, or 
acids, but is readily destroyed by alkali or cleaning solution. The coating 
is also rendered ineffective by ordinary soap, but Duponol C has been 
found to have no injurious effect. ‘The washing procedure for the coated 
photometer tubes, therefore, is different from that previously described 
(3). After each set of ninhydrin analyses, the tubes are rinsed with water 
in racks of 50 and scrubbed with a brush (e.g., E. Machlett and Son, New 
York, catalogue No. A-7-870) which has been dipped in a 0.2 per cent 
solution of Duponol C. The brushing is necessary to remove the ring of 
material that is sometimes deposited on the walls of the tubes. If this 
deposit resists removal by brushing, it is an indication that the tubes need 
refilming. An aluminum rod notched to fit the rim of the tube is useful 
for holding the individual tubes in position in the rack while they are being 
brushed. The brush employed should be reserved for this purpose and 
kept out of contact with ordinary soap. No evidence of any scratching of 
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the photometer tubes by this cleaning procedure has been observed, but 
care should be taken to insure that no metal parts of the brush make con- 
tact with the walls of the tubes. The tubes are rinsed several times with 
distilled water and dried in an oven at 110°. 

To prevent creeping of the solvent on the tip of the chromatograph tube 
and the glass funnel of the fraction collector, these items are also given a 
silicone coating. ‘The tip of the chromatograph tube is cleaned with a hot 
mixture of HNO; and H.SO, and coated by dipping the lower portion of the 
tube in the Dri-film solution, contamination of the sintered glass plate being 
avoided. The funnel of the fraction collector is coated both inside and 
outside. 

In order to be certain of the proper setting for the impulse counter when a 
water-repellent tip is used, it is necessary to redetermine the drop size (2) 
more frequently than is required with an untreated funnel. For the sol- 
vents referred to in Fig. 1, the drop sizes have been so nearly the same that 
a single impulse counter setting has been used throughout the experiment. 

The use of acidic solvents requires precautions against the uptake of 
ammonia from the air by the effluent fractions during the period they are 
standing on the automatic fraction collector. The ninhydrin method em- 
ployed to analyze the effluent can readily detect 0.1 y of ammonia per cc. 
If no preventive steps are taken, tubes containing 0.5 cc. of 2:1 propanol- 
0.5 ~ HCI, left overnight open to the laboratory air or on the fraction 
collector, may pick up enough ammonia to give a positive reading of 0.10 
optical density unit in the ninhydrin analysis. This uptake may be vir- 
— tually eliminated by lining the inside surface of the cover of the fraction 

collector with filter paper impregnated with citric acid. Large sheets of 
filter paper are cut to fit the cover and taped in position. A 2 per cent 
solution of citric acid in ethanol is brushed onto the surface. With the 
fraction collectors in use in this laboratory, the ammonia problem has been 
increased by the liberation of ammonia from the bakelite parts of the 
machines. It was not appreciated for some time that hexamethylene- 
tetramine is used in the manufacture of many samples of bakelite and that 
the material, as a result, may contain appreciable quantities of ammonia. 
Samples of bakelite can readily be tested for ammonia liberation as de- 
scribed earlier (2). If the test is positive, the citric acid solution must be 
applied to all the bakelite parts of the fraction collector, including the 
phototube housing. Commercial models of the fraction collector are cur- 
rently being built with special ammonia-free bakelite,* which eliminates 
this source of contamination. 

In work with acidic solvents, the cotton packing around the stem of the 
chromatograph tube is also treated with citric acid. When the tubes are 
removed from the machine, they are stoppered with corks which have 


* The Technicon Company, 215 East 149th Street, New York 51. 
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previously been shaken with the alcoholic citric acid solution and air- 
dried. Corks thus treated have been satisfactory for a year or more. 
Rubber stoppers have proved unsuitable. 

Contamination with ammonia can also occur during the handling of 
the solvents. ‘The lips of all storage vessels should be wiped before use. 
Care must be taken to avoid any liquid contact between the solvent and 
the rubber stoppers on the top of the column and the top of the separatory 
funnel. The glass should always be wiped dry before the insertion of the 
stoppers. It is important that the need for reimpregnation of the cover 
on the machine be checked periodically by placing test samples of the 
2:1 n-propyl aleohol-O.5 N HCI solvent on the machine overnight. The 
ninhydrin readings should be no higher than those of control tubes which 
have remained stoppered prior to analysis. 

In performing a chromatogram of the type referred to in Fig. 1, a 
solvent change is made about half-way through the experiment. The 
effluent fractions should, if possible, be analyzed each day to provide a 
check on the progress of the experiment and to furnish a basis for estimat- 
ing the exact point at which the solvent change should be made. In an 
experiment such as that shown in Fig. 1, it is desirable to shift the column 
to the second solvent mixture during the emergence of aspartic acid. This 
point can be predicted fairly accurately by multiplying the position of the 
readily identified proline peak by 1.6. The change point is usually reached 
at about 83 cc. of the effluent and can be predicted from the position of 
one of the earlier peaks, if necessary. If the chauge of solvent is scheduled 
to occur at an inconvenient hour, the column can be slowed down by 
running it under lower pressure without affecting the results. At the time 
of the change of solvent, the separatory funnel is removed and the liquid 
above the starch in the chromatograph tube is withdrawn before the addi- 
tion of the new solvent. 

For the experiment illustrated in Fig. 1, the solvent shift occurs on about 
the 3rd day, and the completion of the experiment, through the emergence 
of cystine, requires about 7 days of continuous operation on the fraction 
collector. 

When a column is shifted from one solvent to another, a specific series of 
changes occurs in the composition of the effluent. In the example shown in 
Fig. 1, the initial solvent contains 25 per cent water and is 0.025 n with 
respect to HCl. The second solvent contains 33 per cent water and is 
about 0.17 N with respect to HCl. The effluent attains the higher water 
content of the second solvent when a volume of solvent equivalent to that 
retained by the column has passed through the starch. The increased 
water content, which appears at about 6 cc. after the solvent change, serves 
to increase the rates of travel of the amino acids. If the solvent shift has 
been made too early, the latter part of the aspartic acid curve will be 
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distorted. Since asymmetrical peaks frequently indicate the presence of 
more than one component, it is preferable, in order to avoid ambiguity, to 
arrange for the emergence of the higher water concentration after the 
aspartic acid curve is down to the base-line. 

The increase in HCl concentration, however, to 0.17 N, occurs sharply 
at about 14 ce. after the solvent has been changed. The HCI thus has a 
“retention volume,” in the terminology of Tiselius (5), of about 6 to 8 ce. 
The rise in the HCI content of the effluent in Fig. 1 occurs just at the begin- 
ning of the serine peak. Although a change in acid concentration is not 
capable of distorting the serine peak significantly, it is desirable from the 
analytical standpoint to have the change occur before the amino acid 
emerges. 

The peak A in Fig. 1 is an artifact which occurs at the point of increase 
of the water content of the effluent. This small peak represents a transient 
rise of only 0.02 to 0.04 optical density unit in the blank and indicates that 
the starch column has been thoroughly freed of ninhydrin-positive material 
in the preliminary washing procedure. It is indicative also of the adequacy 
of the silicone film on the tip of the chromatograph tube and the funnel. 
In earlier experiments, before these parts of the glassware were coated, a 
relatively large artifact peak was usually obtained at position A. A con- 
trol experiment with a strong solution of methyl red in the acidic solvent 
demonstrated that, during a 1 to 3 day run on unfilmed glassware, a small 
amount of solid material was deposited around the outside of the tip of the 
funnel as a result of creepnig and evaporation of the solvent. Similarly, a 
deposit of some of the solute could be seen around the periphery of the 
flowing stream of the effluent within the funnel. When the solvent was 
subsequently shifted to one of higher water content, and consequently 
different surface properties, some of this residue was redissolved and 
emerged as the artifact peak. A similar experiment with glassware ren- 
dered hydrophobic by a silicone film showed no residual deposit of methyl 
red on any part of the tip or funnel. 

The shift from one solvent to another, after a sample has been added toa 
chromatogram, has proved practical only with solvents that are miscible 
with water in all proportions. When an attempt has been made to shift 
a butyl-benzyl alcohol column to a propyl alcohol-water solvent, drop- 
lets of water have formed at the interface, thus destroying the efficiency 
of fractionation (2). 

Analysis of Effluent Fractions—The concentration of amino acid in the 
effluent fractions is determined by the photometric ninhydrin method (3). 
For the 0.5 cc. fractions, 2 cc. of the ninhydrin reagent are used. The 
solvents possessing a total acidity of 0.025 N or less do not require neu- 
tralization. Samples of the 2:1 n-propyl! alcohol-0.5 x HCl mixture, how- 
ever, must be neutralized just before the addition of the reagents. For 
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routine work, a burette tip of appropriate size can be prepared to deliver 
0.10 cc. of alkali per 2 drops. A rack of 50 tubes can conveniently be 
moved along underneath a burette dripping at a constant rate. The rack 
should be shaken by hand after the addition of the alkali. The concentra- 
tion of NaOH (about 0.8 ~) is adjusted so that, in the titration of test 
samples, 2 drops leave the fractions slightly acidic. The amount of alkali 
added should be such that an additional 0.1 cc. of 0.1 N NaOH is required 
to render the samples alkaline to phenolphthalein. One purpose of keeping 
the samples slightly acid is to avoid loss of ammonia from the NH,Cl 


After a solvent shift, as in Fig. 1, it is necessary to locate the effluent 
fraction at which the increase in acid concentration occurs. A small 
drop of 0.02 per cent phenolphthalein in ethanol is added to the twenty- 
eighth fraction after the time of change of the solvent on the top of the 
column. Depending upon whether this tube is or is not rendered alkaline 
by 1 drop of the approximately 0.8 n NaOH, the tubes ahead or after it 
are treated similarly until the point is determined at which all subsequent 
fractions require 2 drops of the alkali. The subsequent additions are made 
without use of the indicator. By this procedure a few of the fractions 
around the change point may be overneutralized. No significant errors 
have been observed when the increase in acid concentration occurs during 
the first two or three fractions containing serine, but as already men- 
tioned, it is preferable to have the change occur earlier. 

For an experiment such as that illustrated in Fig. 1, every effluent frac- 
tion is analyzed until after the emergence of glycine. From that point on, 
analysis of every other fraction is sufficient. If the first chromatogram on 
an unknown sample shows areas in which there are no peaks, such as the 
long valley between tyrosine and proline in Fig. 1, the number of analyses 
required in a duplicate experiment can be reduced by omitting some of the 
fractions... If the chromatogram is being run for the determination of only 
one or two amino acids, the rest of the curve can be neglected. The solvent 
mixture referred to in Fig. 2 is usually employed only to separate glutamic 
acid and alanine, and generally the first 45 cc. of effluent are collected as a 
fore fraction before the column is placed on the fraction collector. If 
accuracy to the last few per cent is not important, the amount of ninhydrin 
required can be halved by the use of only 1 cc. of ninhydrin solution per 
0.5 ec. sample. 

The choice of blanks against which the amino acid peaks are read is 
crucial for maximum accuracy in the integration of the curves. In many 
instances the average blank tube for the base-line of the effluent curve 
can be readily determined in the manner previously outlined (2). In the 
first part of Fig. 1, there are blank tubes ahead of leucine and in the valleys 
before proline and threonine. The proline peak, reddish yellow in color, 
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is read at 440 my. There is always the possibility, however, that a given 
group of tubes taken for ninhydrin analysis may not contain an adequate 
number of fractions from the blank sections of the curve. Therefore, 
three or more empty photometer tubes are added routinely to each rack of 
samples submitted to the ninhydrin analysis. The prescribed amount of 
ninhydrin solution is added to all the tubes. The reagent blank, obtained 
on the tubes which received only the ninhydrin solution, may vary slightly 
from day to day or with the batch of reagent solution. The reagent 
blank frequently amounts to 0.14 to 0.20 optical density unit when read 
against a reference tube of 1:1 n-propyl alcohol-water (3). The column 
blanks with the 1:2:1 solvent of Fig. 1 and the 2:1:1 solvent of Fig. 2 are 
usually not identical with the reagent blank, differing by perhaps 0.01 
optical density unit. If there is no definite group of column blanks in the 
set being analyzed, the tubes can be read against the reagent blank. The 
readings can subsequently be corrected to a column blank by reference to 
the differential between the column blank and the reagent blank in the 
preceding or the following day’s analyses. 

The change of solvent to 2:1 n-propyl alcohol-0.5 ~ HCl introduces 
changes in the column blank. Following the emergence of the artifact 
peak (A in Fig. 1), the solvent of increased water content which is then 
emerging may give a reading that is 0.01 to 0.03 optical density unit higher 
than the reagent blank. An additional rise of 0.01 to 0.02 unit takes place 
at the point where the increased acid concentration appears in the effluent. 
The valley between serine and glycine does not always fall to the base-line, 
and the column blank for both of these peaks is, therefore, taken in the 
valley after glycine. The fractions before or after the ammonia peak pro- 
vide the blank in this range. In order to obtain accurate values for am- 
monia, a standard solution of NH,C! and its appropriate blank should be 
run along with the column samples (3). The base-line for the arginine peak 
is taken from the valley between ammonia and arginine. The fractions 
between arginine and lysine usually return to this same value, but not 
invariably. 

It has been found that quantitative recoveries of lysine, histidine, and 
cystine are obtained only when these amino acid peaks are read against the 
column blank taken after the emergence of cystine. The valleys in this 
range do not always fall to the base-line. Since cystine is the last amino 
acid to emerge, the proper blank is usually not available when the lysine 
and histidine peaks are analyzed. In this range, therefore, the tubes are 
read against the fraction giving the lowest reading or against the reagent 
blank as zero. If some of the tubes have been read against a fraction 
which gives a reading 0.05 optical density unit above the reagent blank, 
and the final column blank after cystine has dropped to 0.02 unit above the 
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reference tubes, the correction is made by adding 0.03 unit to the appro- 
priate fractions before integration of the peaks. 

The variations in the blank and the need for the use of these corrections, 
however, mean that the accuracy of integration of the peaks after the 
solvent shift in Fig. 1 is, as a rule, not as satisfactory as that obtained in 
chromatograms developed with a single solvent mixture. 


Taste I 
Ninhydrin Color Yields from Amino Acids in Organic Solvent Solutions 


Determined on 0.5 ce. samples of 0.35 mM solutions of the amino acids. Heating 


time 20 minutes. The samples in 2:1 n-propy! aleohol-O0.5 x HC! were neutralized 
with 0. 1 cc. . of about 0.8 N NaOH prior to analysis. 


Color yield on molar basis relative to leucine in water, read at $70 mg 
Compound btert- butyl | 
12:1" butyl alcohol-n-propyl alcohol-sec butyl 218 alcohol- 


OoSnHcl 

alcohol.0.1 HC} (4 =0.862) | (d® = 0.882) 
RET 0.99 | 1.00 | 
1.00 1.02 | 
Phenylalanine... 0.85 0.85 | 
Valine. 1.01 1.02 | 
Methionine. . 1.00 
Tyrosine... 0.86 0.86 | 
Proline. .. 0.05 (0.27 at 440 mz) © 0.05 | 
Glutamic acid... 1.02 1.02 | 
Alanine ... 1.02 1.00 
Threonine. . 0.94 
Aspartic acid........ 0.89 
Serine. ... | 0.94 
| 0.98 
| 0.98 ca.* 
| | 0.97 
Lysine .. ches | 1.14 
| | 1.01 
0.54 


accurate ammonia determinations the factor be with a 
known NH,CI solution run at the same time as the unknown (cf. (3)). 


Calculations—The procedure for integration of the curves has been out- 
lined earlier (3). When only every other effluent fraction is analyzed 
(e., ammonia through cystine, Fig. 1), satisfactory recoveries are obtained 
by doubling the usual summation (cf. (3), Table V*). For the relatively 
volatile solvent mixtures referred to in Figs. 1 and 2, the entire 0.5 ce. 


*Table V (3) contains an error. In the third line of the integration below 


Table V, read ‘“‘Sum of Fractions 37-40 and 45-47” for “Sum of Fractions 37-42 and 
46+47.”’ 
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sample evaporates during the 20 minute heating in the water bath. For 
unneutralized samples, the calculated correction factors for 5, 10, and 15 
ec. of diluent (cf. (3), Table I11) become 0.230, 0.216, and 0.212. For 
samples which have been neutralized with 0.10 cc. of NaOH, the factors 
are 0.232, 0.218, and 0.212. In the integration of the curves, the summa- 
tions of the uncorrected amino acid concentrations are routinely multiplied 
by one-half the above factors (ef. (3), Table V*). The whole factors are 
used for the conversion of the analytical results to leucine equivalents in 
plotting the curves for publication and in the determination of ninhydrin 
color yields on standard solutions. If only 1 cc. of the ninhydrin solution 
is used per 0.5 cc. sample, the evaporation loss is about 0.62 cc. The factors 
are 0.193, 0.196, and 0.199 for unneutralized fractions and 0.196, 0.198, 
and 0.199 for samples neutralized with 0.1 ec. of NaOH, 

The ninhydrin color yield for each of the amino acids has been determined 
in the solvent in which it emerges from the column. The vields given in 
Table I should be checked under the user's experimental conditions (3). 
It is convenient to prepare 2 mM standard solutions which are diluted to 
about 0.35 me for analysis. The blanks consist of 0.5 ec. aliquots of the 
same sample of solvent. 

Use of the color vield of 0.27 for proline at 440 my is the same as mul- 
tiplying the leucine equivalents by 3.7, as previously described (3). For 
publication, the proline curve has been corrected, whereas the other peaks 
have been left in terms of leucine equivalents. 

In most instances, the choice of fractions to be included in the integration 
of a given amino acid peak is evident from the graph of the results. In 
those cases in which the valley between two peaks does not fall to the base- 
line, one-half of the quantity of amino acid represented by the low point of 
the valley is assigned to each peak. This procedure has given satisfactory 
integrations when the valley is less than half the height of the smaller of 
the two peaks. In the present experiments, no pairs of peaks have been 
encountered which required an attempt to apply the method of calculation 
for overlapping components used in the case of tyrosine and valine in the 
butyl-benzyl aleohol solvent (2). 

In the experiment shown in Fig. 2, proline overlaps glutamic acid. The 
entire glutamic acid curve is read at 570 mg, and the integration subee- 
quently corrected for the contribution of proline, which has a color yield 
of only 0.05 (relative to leucine as 1.00) at this wave-length (cf. (3)). 

Quantitative Analysis of Synthetic Mixtures—The results obtained by the 
integration of the curves in chromatograms of the type shown in Fig. ! 
are summarized in Table I]. The synthetic mixture of amino acids cor- 
responded in composition to an acid hydrolysate of bovine serum albumin. 
Cysteine was omitted since, as will be shown later (4), it was found not to 
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be present in protein hydrolysates that had been repeatedly evaporated to 
dryness in order to remove excess HCl. 

The separation of phenylalanine from leucine plus isoleucine is not 
sufficient to permit fully reliable division of the peaks. Since leucine and 
isoleucine are usually present in by far the larger quantity, the percentage 
recovery may be fairly accurate for these two amino acids. The phenyl- 
alanine values, although more variable, are frequently accurate to +5 per 
cent. If the column is loaded more heavily, however, as is sometimes 


Taste Il 
Recovery of Amino Acids from Known Mixture Containing Eighteen Components 
Solvents, 1:2:1 n-butyl aleohol-n-propyl alcohol-0.1 ~ HCl followed, after the 
emergence of aspartic acid, by 2:1 n-propyl aleohol-0.5 w HCI (ef. Fig. 1). 


Per cent recovery 


Constituent Amount 
present 
|e — 

Leucine -isoleucine 0.304 09.5 101.5 100.3 
Phenylalanine 0.165 “8 6.1 “1.8 05.2 
Valine-methionine -t yrosine 0.354 19.6 101.0 100.1 100.2 
Proline 0.136 99.7 07.8 100.0 09.2 
Glutamic acid*-alanine 0.515 95.2 06.8 05.5 
Threonine 0.201 07.5 101.0 102.0 100.2 
Aspartic acid* 0.267 93.5 o1.1 4.7 
Serine 0.118 100.0 w1.2 10.3 
Glycine 0.051 100.5 101.0 
Ammonia 0.024 12.0 102.0 
Arginine 0.143 07.7 102.8 105.0 
Lysine 0. 103.0 9.6 
Histidine 14.6 07.4 100.6 

Cystine 0.133 12.7 07. 
All constituents 2 07.3 w.3 os 7 


* When the value for glutamic acid is corrected for the 7 per cent low recovery due 
to esternheation, the recovenes for glutamic acid plus alanine become 100 2. 7, 
and 101.7 per cent. The aspartic acid recoveries, which run 6 per cent low, may be 


similarly corrected to yield the figures 99.4, 99.9, and 100.8 per cent 


coveries, on this bases, become 05.6, 100.8, and 101.0 per cent. 


The total re- 


desirable in order to attain higher accuracy in the analysis for the basic 
amino acids, the resolution of leucine plus isoleucine and phenylalanine 


becomes less satisfactory than that indicated by Table II. 
thionine, and tyrosine are integrated as a group. 


Valine, me- 


On an unknown solu- 
tion, the principal calculation of value for these combined peaks is the 
estimation of the total amino nitrogen in leucine equivalents. 
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Proline and threonine emerge as well defined peaks before the solvent 
shift and are recovered quantitatively. Adjacent to them, however, are 
the peaks for glutamic acid plus alanine and aspartic acid for which, it 
will be noted, the recoveries are low. It has been found that the yields 
of glutamic and aspartic acids are low in this solvent as a result of esterifica- 
tion. With unknown mixtures, the aspartic acid values obtained by in- 
tegration are divided by 0.94 to give corrected figures. 

The procedure which has been outlined for the establishment of the 
blank after the solvent shift permits quantitative recoveries to be obtained 
for the peaks emerging after the change to 2:1 n-propyl alcohol-0.5 x 
HCl. 

The results obtained in the separation of glutamic acid and alanine with 
2:1:1 tert-butyl alcohol-sec-butyl alcohol-O0.1 ~ HCl are summarized in 


Taste Il 
Recovery of Glutamic Acid, Alanine, and Other Amino Acids from Synthetic 
Mixture 
Solvent, 2:1:1 tert-butyl aleohol-sec-butyl alcohol 0.1 ~ HC! (cf. Fig. 2). The 
mixture contained eighteen components (cf. Table IT). 


Per cent recovery 


Constituent Amount = 
present 
| | geman | 
Leucine-isoleucine..... 0.373 7.0 100.8 7.9 
Phenylalanine........ 0.169 101.6 103.6 102.6 
Valine-methionine-tyrosine 0.363 100.6 102.5 
Glutamic acid...... 0.4% 07.8 100.2 O81 


0.102 07.3 101.3 97.5 OS.7 


Table III. Esterification of glutamic acid is negligible in this solvent mix- 
ture, as evidenced by the essentially quantitative recovery of the amino 
acid. The chromatogram also provides an alternative determination of 
phenylalanine, which is well separated in this case. If methionine is 
absent, the column can yield quantitative values for tyrosine and valine. 
In most instances, the column has been used only for the separation of 
glutamic acid and alanine. The valley does not fall to the base-line, and 
it sometimes is necessary to reduce the load on the column in order to 
obtain adequate resolution. 

Accuracy of Chromatographic Analysis —In general, the chromatographic 
procedure on starch columns is capable of yielding recoveries of 100 + 
3 per cent. The average recoveries for the components of the synthetic 
mixture used in the chromatograms summarized in Tables II and III are 
well within thisrange. The deviations which do occur appear to be random 
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and cancel out, in part, in the calculation of the total recovery for the sum 
of the amino acids, which is almost invariably accurate to +1 per cent. 
In any given experiment, however, a number of factors operate to reduce 
the accuracy of the analysis for one or more of the constituents. The 
amount of a given amino acid present is the principal variable. When a 
mixture contains ten or twenty components, it is probable that a loading for 
the column which is optimum for some will not be the most favorable for 
all of the amino acids. When the optical density readings on the peak 
points of a curve are as low as 0.20, a variation of 0.01 unit in the blank can 
cause an error of 10 per cent in the integration. Some of the peaks inte- 
grated for Table II fall into this category. The accuracy of the recoveries 
indicates that, in practice, the averaging of a series of blanks usually 
establishes the base-line to considerably better than 0.01 optical density 
unit. But the determination is on a sounder basis if the load on the column 
can be increased to give a peak reading of 0.50 to 1.00 optical density unit. 
An increase in the total load, however, as has already been mentioned, 
can have an adverse effect upon the degree of resolution obtained in the 
case of components present in relatively large amounts. An attempt to 
obtain an adequate picture of the composition of a mixture in a single 
chromatogram will usually require a compromise on the question of the 
optimum load for the column. If the emphasis is on the determination of 
only a few specific constituents of the mixture, the load can be adjusted to 
give maximum accuracy for these amino acids. In the case of low peaks, 
it should also be possible to obtain increased accuracy by using 4 times the 
present sample size on a column 2 cm. in diameter, if 2 cc. effluent fractions 
are collected and concentrated to 0.5 cc. before analysis. 


DISCUSSION 


Identification of Amino Acid Peaks—A discussion has already been given 
(2) of the general measures which can be taken to assist in the identifi- 
cation of a peak on an effluent concentration curve. The problems as- 
sociated with the interpretation of the results obtained with unknown mix- 
tures were enumerated for the butyl-benzyl alcohol experiments (2) and 
apply with added emphasis to the present curves. The positions of the 
peaks shown in Fig. 1, together with the points of emergence of a number of 
additional amino acids* and related compounds, have been summarized in 
Table IV. The absolute value for the position of a peak is not as useful an 
aid in identification as it was in the case of simpler chromatograms. As 
in the earlier experiments, the relative positions of the peaks are highly 
reproducible. The same general pattern has been obtained routinely on 

* We are indebted to Dr. A. Hiller and Dr. D. D. Van Slyke for a sample of hy- 


droxylysine, to Dr. H. T. Clarke for a sample of cysteic acid, and to Dr. H. Borsook 
for a sample of a-aminoadipic acid. 
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both synthetic mixtures and protein hydrolysates. In a given experiment, 
however, all the peaks may emerge somewhat faster or slower than in- 
dicated by Table IV. Shifts of as much as 10 per cent have been obtained. 
These deviations can result from a number of causes, among which may be 
mentioned small variations in the amount of starch introduced during the 
pouring of the column, slight differences in the composition of the solvent 
mixtures, and errors in the adjustment of the size of the fractions collected. 


Taste IV 
Order of Emergence of Amino Acids and Related Compounds 


Determined on columns 0.9 K 30 cm. prepared from 13.4 gm. of starch (anhy- 
drous), developed with 1:2:1 n-butyl aleohol-n-propyl aleohol.0.1 ~ HCI and shifted 
to 2:1 n-propyl aleohol.0.5 n HC! at 83 ce. 


Compound (cf. Fig. 1) ae Additional compounds ye 

Leucine -isoleucine 13.5 Diiodot yrosine 12.5 
Phenylalanine 16.5 Tryptophan Is 
Valine 24 a-Amino-n-butyrie acid 38 
Methionine 26 a-Aminoadipie acid 41 
Tyrosine 28 Cysteic acid 64 
Proline f2 Taurine 74 
Glutamic acid-alanine 59 Hydroxyproline 
Threonine 75 Sarcosine MM 
Aspartic acid | Citrulline O85 
Serine 100 Ethanolamine 102 
Glycine Asparagine 121 
Ammonia | Glucosamine 126 
Arginine 136 Histamine 160 
Lysine : 149 Ornithine 176 
Histidine 163 Hydroxylysine ISO 


Cystine 179 


The exact point of the solvent shift, of course, affects the positions of the 
peaks after aspartic acid. These variations mean that, in a given chromato- 
gram, a peak emerging at 163 cc., for example, cannot be stated to occur 
at the histidine position, unless it has been placed either by reference to the 
sequence of the other peaks from the sample or by observance of the rise 
of the peak at this position after the addition of known histidine. 
Considerable variations have also been observed in the absolute positions 
of the peaks in Fig. 2. The deviations are believed to result from varia- 
tions in the moisture content of the samples of tert-butyl alcohol from which 
the solvent has been prepared. If proline is present, its characteristic 
color in the ninhydrin reaction serves to identify the beginning of the 
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The relative positions of the peaks are fully reproducible only if the 
column has not been overloaded. The amounts of each amino acid used 
for Fig. | are low enough so that the column is capable of yielding fairly 
symmetrical effluent curves. As the load of a given component is increased, 
a point is reached at which the peak in question begins to show a steep 
front, indicative of a non-linear isotherm. ‘The tail portion of the peak is 
identical in position and slope with the right-hand half of the peak in Fig. 
1, but the increased load will have advanced the point of maximum con- 
centration 1 to 3 ec. ahead of its former position. If this trend is extended 
by increasing the load to 10 to 20 times the present level, the position of 
the advancing front is markedly moved ahead. In general, a 2-fold in- 
crease over the amounts given in Table II does not lead to significant dis- 
tortion of the peaks, but, as already mentioned, the degree of increase in 
the load which is tolerable will depend upon the objectives of the given 
experiment. 

The second column of Table LV gives the positions of some amino acids 
and related compounds not covered by Fig. 1. As the number of possible 
components in a mixture is increased, the problems of identification are 
multiplied, and no general solution can be offered. By the use of addi- 
tional solvent mixtures, a number of the overlaps in Table IV may be re- 
solved. Diiodotyrosine emerges with leucine and isoleucine, but can be 
differentiated on a butyl-benzyl aleohol chromatogram (2). Tryptophan 
coincides with phenylalanine in the solvent mixture referred to in Table IV, 
but can be determined with 0.1 N aqueous HCI (ef. Fig. 3). In acid hy- 
drolysates of proteins the problem seldom arises, since tryptophan is usu- 
ally decomposed during the hydrolytic process (2). Either a-amino-n- 
butyric acid or a-aminoadipic acid, if present, would appear as a new peak 
midway in the valley between tyrosine and proline. Cysteice acid has been 
found to give a clearly defined peak on the right side of the curve for glu- 
tamic acid plus alanine. ‘Taurine is indistinguishable from threonine in 
this solvent, but moves ahead of glutamic acid in 2:1:1 tert-butyl alcohol- 
sec-butyl alcohol-O0.1 ~ HCl. Hydroxyproline travels at a rate similar to 
that of aspartic acid. Although hydroxyproline cannot be determined in 
this solvent mixture, its color yield is only 0.03 at 570 mu, and unless pres- 
ent in unusually large quantities, it will not interfere with the estimation of 
aspartic acid. Citrulline and ethanolamine are slightly to the left and the 
right, respectively, of serine. The presence of either of these substances 
will be manifested by a broadening of the peak in the serine position. 
Glucosamine, if present, would appear as a peak midway between ammonia 
and arginine. Ornithine and hydroxylysine both coincide with cystine. 
With protein hydrolysates, therefore, the maximum possible amount of 
cystine present should be calculated from the total sulfur minus the meth- 
ionine sulfur. If the amount of ninhydrin color in the cystine position ex- 
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‘ceeds that allowed by the calculation, the presence of additional com- 
ponents in the cystine range is indicated. 

The fact that p-, L-, and pL-amino acids travel at the same rates on 
starch columns (2) has been checked in the present experiments with the 
L and pu forms of proline, glutamic acid, alanine, threonine, aspartic acid, 
and serine. 

Behavior of Cysteine—When a freshly prepared solution of cysteine hy- 
drochloride is added to a column with 1:2:1 n-butyl aleohol-n-propy! al- 
cohol-0.1 ~ HCl as the solvent, the amino acid is gradually oxidized to 
cystine and no cysteine peak is obtained in the effluent. No ninhydrin- 
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Fic. 3. Separation of tryptophan, with 0.1 ~ HC! as solvent, from a synthetic 
mixture containing eighteen components. 


positive material emerges from the column until after the shift of solvent 
to 2:1 n-propyl alcohol-O0.5 x HCl. In the range of arginine a long flat 
zone begins and continues up to the position of cystine, where a definite 
peak occurs. The absorption maximum of the material in this broad zone 
is at 570 my, whereas the absorption maximum of cysteine is at 470 my 
(3). The acidity of the initial solvent is thus insufficient to maintain 
cysteine in the reduced state. When this amino acid is allowed to stand 
in the 1:2:1 solvent at atmospheric pressure, about 45 per cent of the 
cysteine is oxidized in 24 hours. The rate of oxidation on the column is 
probably accelerated by the increased amount of air in the solvent which 
enters the column under 15 cm. pressure. 

Cysteine, if present in a sample of amino acids applied to the column, 
would interfere with the determinations of the basic amino acids. In the 
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chromatographic work with protein hydrolysates, however, the presence of 
cysteine has not, thus far, been detected (cf. (4)). 

Cysteine is fairly stable in the more strongly acid solvent, 2:1 n-propyl 
alcohol-O.56 n HCl. If the column is run from the beginning with this 
solvent mixture, a cysteine peak (absorption maximum 470 my) is obtained 
near the position of threonine (cf. Fig. 4). 

Separation of Tryptophan—The behavior of tryptophan on a column run 
with aqueous 0.1 N HCl has been referred to previously (1,2). The column 
for this purpose is poured in butyl alcohol and washed with 1:1 n-propyl 
aleohol-0.5 N HCI as usual before being shifted to 0.1 N HCl. The curve 
obtained with the synthetic bovine serum albumin mixture to which tryp- 
tophan had been added is given in Fig. 3. The first peak contains most 
of the components of the mixture. Only the aromatic amino acids are 
appreciably retarded, and tryptophan emerges as a completely separated 
peak. ‘The color yield of tryptophan in the neutralized 0.5 cc. samples has 
been 0.72 (3) and the recoveries from the chromatogram have been 100 + 
3 per cent. 

Esterification in Acidic Solvents—The fact that the amino acids should 
not be allowed to stand in an acidic alcoholic solvent before the sample is 
placed on the column has been noted previously (2). Aspartic and glu- 
tamic acids are the only amino acids which have shown measurable esteri- 
fication on the starch column during the course of the present experiments. 
The degree of ester formation is a function of the amount of water in the 
solvent mixture, the ICI] concentration, the nature of the alcohols, and the 
time of contact. In the chromatograms with 1:2:1 n-butyl alcohol-n- 
propyl alcohol-O.1 nN HCl the recoveries of aspartic and glutamic acids 
have been 6 and 7 per cent low, respectively. The percentage loss is in- 
dependent of the amounts of the amino acids present. If the column is 
developed from the beginning with 2:1 n-propyl aleohol-0.5 n HCl (ef. 
Fig. 4), the losses of these two amino acids are 10 and 20 per cent. Ona 
column developed with n-butyl aleohol-17 per cent 0.57 n HCl (2), the 
recoveries are low by 20 and 30 per cent. 

If the synthetic mixture of amino acids is allowed to stand for 1 week in 
the 1:2:1 solvent before the sample is placed on the column, two small 
additional peaks appear ahead of leucine plus isoleucine in Fig. 1. The 
yield of glutamic acid is about 20 per cent low and that of aspartic acid 
about 10 per cent low. All other components are quantitatively recovered. 
The small amount of esterification which occurs during the usual chromato- 
graphic experiment is not manifest in any way other than in the reduction 
of the yields of aspartic and glutamic acids. The esters, as they are con- 
tinuously formed, move fairly rapidly through the column and doubtless 
contribute some ninhydrin color to all the effluent fractions preceding the 
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glutamic and aspartic acid peaks. The quantity of ester is so small, how- 
ever, and is distributed over so many fractions that the increase in nin- 
hydrin color for any given fraction is almost imperceptible. 

It has already been noted that in the mixture of secondary and tertiary 
alcohols used for the separation of glutamic acid and alanine (Fig. 2) esteri- 
fication appears to be negligible. 

Studies on Other Solvent Mixtures—In the chromatographic separation of 
the faster moving amino acids described in the previous communication 
(2), neutral water-immiscible organic solvents such as n-butyl alcohol and 
benzyl alcohol were used with columns 30 cm. in height. In order to elute 
some of the slower moving amino acids from such columns, inconveniently 
large effluent volumes are required. As the concentrations in the effluent 
become more dilute, the analytical accuracy is decreased. By the use of 
these same solvents with shorter columns (7.5 cm. in height), proline, 
alanine, and threonine can be eluted satisfactorily (1). The number of 
effective plates in a column, however, or the potential resolving power of 
the chromatogram is proportional to its length, and consequently it is 
preferable to use the longest column compatible with convenient laboratory 
operation. In order to attain satisfactory rates of travel for the slower 
moving amino acids on columns 30 cm. in length, a variety of solvent mix- 
tures have been studied. 

Neutral n-propyl alcohol-water mixtures were investigated on starch 
columns poured in butanol, washed to constant blank with the neutral 
solvent, and treated with 8-hydroxyquinoline (2). With 2:1 n-propyl al- 
cohol-water, a curve was obtained which was similar to the first portion of 
Fig. 1, except that glutamic acid and aspartic acid were not present as dis- 
crete peaks but were spread out in a long low plateau extending from 60 
to 100 cc. of the effluent. The other amino acid peaks emerged somewhat 
ahead of their positions in Fig. 1, threonine being at 51 ec. The last peak, 
which emerged at 71 cc., was composed of both serine and glycine. There 
also appeared, between proline and alanine, a large artifact peak which 
proved to result from ninhydrin-positive material eluted from the starch 
by the HCl in the amino acid sample. It was found that a small amount 
of either HCl or NaCl, when added to the top of the column, was capable 
of liberating material containing amino nitrogen, which moved down the 
column as a discrete zone and emerged as an irregular peak just ahead of 
the alanine position. The 2:1 n-propyl alcohol-water experiment provided 
a possible determination of proline, alanine, and threonine. The presence 
of the artifact peak and the unsatisfactory behavior of the acidic amino 
acids were marked disadvantages. 

Glutamic acid and aspartic acid were obtained as normally sharp peaks 
in the alanine-threonine range when 0.25 N acetic acid was substituted 
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for water in the 2:1 mixture with n-propyl alcohol. The artifact peak 
was still present, however, and there was overlapping of the components. 
In an attempt to eliminate the artifact, the starch column was treated with 
HCl and propyl alcohol, as described in the experimental section, until 
all ninhydrin-positive material had been eluted. The solvent was then 
changed to 2:1 n-propyl alcohol-water. When an amino acid mixture 
containing no HCl or NaCl was added to the column, the amino acid 
peaks were markedly retarded by the acid-washed starch. As an alterna- 
tive procedure, a column was cleaned until ninhydrin-negative by using 
2:1 n-propyl alcohol-0.1 N NaCl. The column was washed free of chloride 
ion with 2:1 n-propyl aleohol-water and the amino acid sample was added 
as usual. With the NaCl-washed starch the neutral amino acid peaks 
were sharp and there was no artifact zone. The peaks of the acidic amino 
acids, however, although they appeared in the proper range, were markedly 
broadened. Asa result the curve was similar to Fig. 1, except that alanine, 
glutamic acid, threonine, and aspartic acid emerged as a group. Serine 
and glycine gave overlapping peaks at 67 and 71 cc. The inclusion of 
0.5 N acetic acid or 0.5 N pyridine in the solvent did not improve the resolu- 
tion in the acidic amino acid range. If acid-washed starch was suspended 
briefly in dilute NaOH and washed free of alkali, a product was obtained 
which behaved similarly to NaCl-washed starch. 

Thus, the acidic amino acids have not yielded fully satisfactory results 
on starch columns developed with neutral unbuffered solvents. In addi- 
tion, the properties of starch are such that both unwashed and NaCl- 
washed samples have a strong affinity for the basic amino acids. Even 
when only water is used as the solvent, the basic amino acids travel ex- 
tremely slowly. Although the characteristics of neutral columns have 
thus not proved favorable for analytical work, it is possible that they may 
be useful in certain cases for preparative experiments. The effluent con- 
tains a minimum of carbohydrate impurities, whereas the effluent from 
columns run with acidic solvents is ninhydrin-negative but not carbo- 
hydrate-free. Although the columns prepared with acidic solvents retain 
their efficiency over periods of several weeks, starch is not fully stable 
under these conditions and some carbohydrate material is continuously 
passing into the effluent. The separation of amino nitrogen-containing 
constituents from carbohydrates in the effluent does not present major 
difficulties in some cases, but further work is required to facilitate the 
isolation of components from the effluent of columns run with acidic sol- 
vents. 

In early experiments, attempts were made to achieve satisfactory rates 
of travel of amino acids on the column simply by varying the water content 
of propanol-water mixtures. It was found, however, that, although the 
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amino acids emerged at greater effluent volumes as the amount of water in 
the solvent was decreased, this retardation was accompanied by a broaden- 
ing and flattening of the peaks when the water content was reduced below 
about 30 per cent. Thus, 3:1 n-propyl alcohol-water gives a curve in 
which a peak emerging at a given effluent volume is slightly lower and 
broader than its counterpart in a 2:1 solvent. If the water content is 
reduced from 25 to 20 per cent, a comparison of the peaks emerging at the 
same effluent positions shows those in the 4:1 solvent to be about halved 
in height and doubled in width. A further reduction in the amount of 
water, to 12 per cent, causes the amino acids to emerge at a fairly steady 
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Fic. 4. Separation of amino acids on a chromatogram carried out with 2:1 
n-propyl alcohol-0.5 n HCl. 


low concentration level devoid of discrete peaks and valleys. Similar 
effects are noted with n-butyl alcohol when the water content is reduced 
below 15 per cent. Combinations of n-propyl and n-butyl alcohols, as 
used in the 1:2:1 n-butyl alcohol-n-propyl alcohol-0.1 N HCl solvent, 
permit mixtures to be employed which have water contents intermediate 
between 15 and 30 per cent without there being manifest any undesirable 
broadening of the peaks. 

It may prove desirable for some purposes to run the column from the 
beginning with 2:1 n-propyl alcohol-0.5 n HCl, instead of employing a 
solvent of lower water and HCl content for the first part of the curve. 
The results of such an experiment are shown in Fig. 4. The resolution of 
the faster moving amino acids is less satisfactory than in Fig. 1. The 
losses of glutamic and aspartic acids as a result of esterification are greater, 
as already noted. The fact that ammonia and arginine emerge together 
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is a disadvantage. Nevertheless, the solvent may have some utility for 
screening work. A general picture of the composition of a mixture of 
amino acids is obtained in a 4 day experiment, instead of the 7 davs re- 
quired to obtain the results shown in Fig. 1. 

Many experiments with acidic solvents other than the ones already 
described were carried out in an attempt to increase the resolution of the 
amino acids in the proline-aspartiec acid range. Usually a preliminary 
experiment was performed with the synthetic serum albumin mixture. 
Inspection and integration of the curves were frequently sufficient to elim- 
inate a given solvent from further consideration. Some of the solvents 
were investigated in greater detail with simpler mixtures of amino acids. 
The only combination found which would completely separate glutamic 
acid and alanine was 3:1 tert-butyl alcohol-O.1 nN HCl. Because of its 
viscosity, this solvent gives excessively slow flow rates on the starch columns 
and has not been used routinely. The incorporation of 25 per cent. sec- 
butyl alcohol in the mixture has given a satisfactory flow rate and reason- 
ably good separation of the two amino acids. Various other mixtures of 
0.1 N HCl with sec-butyl alcohol, tert-butyl alcohol, isobutyl alcohol, iso- 
propyl alcohol, methyl cellosolve, and butyl cellosolve were tried. The 
mixtures did not offer any general advantages over the solvents referred to 
in Figs. 1 and 2. 

In the present experiments, emphasis has been focused on solvents con- 
taining no non-volatile acids or salts which would tend to complicate the 
possible isolation of constituents from the effluent. A few chromatograms 
have been run with buffered solutions and with non-volatile acids. In 
2:1 n-propyl! alcohol-0.5 N H,PO,, the results were fairly similar to those 
shown in Fig. 4. In 2:1 n-propyl alcohol-0.5 N trichloroacetic acid, the 
basic amino acid peaks were advanced to positions on top of the components 
in the alanine-glycine range. No advantages in the proline-aspartic acid 
range were afforded by the use of 2:1 n-propyl alecohol-0.5 N monochloro- 
acetic acid. With 2:1 n-propyl alcohol-0.2 N citric acid the peaks were 
markedly broadened and resolution was inferior. 

When buffered solutions are used on starch columns, sharp peaks are 
obtained with both the acidic and basic amino acids. In 2:1 n-propyl 
aleohol-0.2 m citrate buffer, pH 5, the curve was similar to that in Fig. 1, 
except that glutamic acid and aspartic acid were shifted to the right. 
Glutamic acid emerged at a position on top of serine and glycine and was 
followed by the aspartic acid peak. The chromatogram was not con- 
tinued to cover the basic amino acid range. Whena citrate buffer of pH 4 
was used, the basic amino acids were moved up to give an overlapping zone 
with glycine, serine, ammonia, and the acidic amino acids. In 3:2 n- 
propyl alcohol-0.08 m citrate buffer, pH 8, the relative rates of travel of the 
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basic amino acids were further increased to give a heavily bunched group 
in the center section of the curve. Solvents that are much more alkaline 
than plI & cannot be used with starch. With 0.1 N NaOH, the starch 
at the top of the column swells and gelatinizes in the presence of the strong 
alkali. 

Thus, both organic acids and the citrate buffers of pH 4 and 8 increase 
the rates of travel of the basic amino acids relative to the monoamino 
acids, thereby increasing the probability of overlaps in the chromatogram. 
The use of HCI possesses the advantage that minimum rates of travel for 
the basic amino acids are obtained, placing them in a region to the right of 
glycine. 

SUMMARY 


Chromatographic fractionation of amino acids on starch columns has 
been extended to include most of the common constituents of protein 
hydrolysates. The principal solvent mixture which has been used is 1:2:] 
n-butyl aleohol-n-propyl alcohol-0.1 N HCl followed, after the emergence 
of aspartic acid, by 2:1 n-propyl aleohol-0.5 nN HCl. In experiments with 
synthetic mixtures containing seventeen amino acids and ammonia, this 
combination of solvents yields in a single chromatogram a curve which 
includes all the components, with a few overlaps. For analytical work, 
about 2.5 mg. of the amino acid mixture are required per chromatogram. 
Integration of the curves has given quantitative recoveries for proline, 
threonine, aspartic acid, serine, glycine, ammonia, arginine, lysine, his- 
tidine, and cystine. Glutamic acid and alanine emerge together but can 
be resolved in a separate chromatogram with 2:1:1 tert-butyl alcohol- 
sec-butyl aleohol-O.1 x HCl. The six most rapidly moving components 
are partially resolved and have been separated, as previously reported, on 
columns run with 1:1:0.288 n-butyl alcohol-benzyl alcohol-water for the 
determination of phenylalanine, leucine, isoleucine, methionine, tyrosine, 
and valine. Thus, by the use of three starch columns it is possible to 
separate from one another all the eighteen components. 

The average recoveries in duplicate or triplicate determinations have 
been 100 + 3 per cent. The positions of emergence of some of the less 
commonly occurring amino acids and related compounds have been de- 
termined. Tryptophan, although not usually present in acid hydrolysates, 
presents a special case and can be determined on a column developed with 
aqueous 0.1 n HCl. If desired, a variety of other solvents, including 
neutral, acidic, and buffered solvent mixtures, can be used satisfactorily 
with starch columns. 
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AMINO ACID COMPOSITION OF 8-LACTOGLOBULIN AND 
BOVINE SERUM ALBUMIN 


By WILLIAM H. STEIN ano STANFORD MOORE 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, October 8, 1948) 


The experiments described in this communication are concerned with 
the use of starch columns (1-3) for the chromatographic determination of 
the amino acid composition of protein hydrolysates. The techniques out- 
lined in the preceding paper (3) have been employed to analyze hydrolysates 
of s-lactoglobulin and bovine serum albumin. In conjunction with the 
results of earlier chromatograms run with the butyl-benzyl alcohol solvent 
system (1), the analyses appear to have accounted for all the amino acids 
present in acid hydrolysates of these two proteins. Since numerous amino 
acid determinations have already been reported for both 8-lactoglobulin 
and bovine serum albumin, an opportunity is afforded for comparison of 
the chromatographic data with the results obtained by other methods. 

The experimental procedure used for the chromatographic analyses was 
identical with that employed in the preceding studies with synthetic mix- 
tures of amino acids (3). The sample of 6-lactoglobulin used in this work 
was prepared by Dr. G. Haugaard according to the method of Palmer 
(4,5), and was one of the samples recently analyzed by Brand and cowork- 
ers (6). The bovine serum albumin, prepared according to the method of 
Cohn et al. (7), was obtained through the kind cooperation of Dr. Erwin 
Brand, and was the same preparation (Armour, Lot 18) analyzed in his 
laboratory. Hydrolysis was performed in the manner already outlined 
(1), with 200 volumes of 6 N HCI twice distilled in glass. For convenience 
in manipulation, 250 to 500 mg. of protein were hydrolyzed. Since the 
chromatographic analyses require only 2.5 mg. per experiment, the pro- 
cedure for hydrolysis and for addition of the sample to the column can be 
scaled down, if desired, to permit the series of chromatograms to be com- 
pleted with 25 to 50 mg. of protein. 


Analyses of Hydrolysates of B-Lactoglobulin 


A hydrolysate of 8-lactoglobulin was chromatographed with 1:2:1 n- 
butyl alcohol-n-propy! alcohol-0.1 N HCl and 2:1 n-propyl alcohol-0.5 Nn 
HCl as solvents. The resulting effluent concentration curve, given in Fig. 
1, is similar in all respects to the curve obtained in experiments with a 
synthetic mixture containing seventeen amino acids and ammonium chlo- 
ride (3). The general pattern and the approximate positions of the peaks 
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are the same in the two curves. ‘There are no peaks in Fig. 1 which cannot 
be ascribed to the common amino acids. No evidence has been obtained, 
therefore, for the existence in 8-lactoglobulin hydrolysates of unsuspected 
amino nitrogen-containing constituents. In order to confirm the positions 
assigned to the peaks in Fig. 1, threonine, serine, and histidine were added 
to the hydrolysate. The designated peaks rose without loss of symmetry. 
Since 8-lactoglobulin is a protein, the composition of which has already h: 
been explored rather fully by a variety of methods, the identification 

of the peaks in the chromatogram can be made with a relatively high degree 

of certainty (1, 3). Characterization of the components of the peaks by 
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Fic. 1. Chromatographic fractionation of a hydrolysate of 8-lactoglobulin. Sol- a 
vents, 1:2:1 n-butyl aleohol-n-propy! aleohol-0.1 ~ HC! and 2:1 n-propyl alcohol- Lyei 
0.5 HCl. Column dimensions, 0.9 X 30 em. Sample, an amount of hydrolysate Hist 
corresponding to about 2.5 mg. of protein. Cyst 
isolation of the amino acids from the effluent has not been attempted in To 
these analytical experiments. “7 


Integration of Effiuent Curves—The quantitative data yielded by the aa 
experiment shown in Fig. 1, and replicates thereof, are given in Table L. 
The total nitrogen recoveries of 98.9 and 99.7 per cent indicate that the in th 
chromatogram has almost completely accounted for the nitrogenous com- repre 
ponents of the hydrolysate. There are several approximations involved, and « 
however, in this calculation. As already mentioned (3), the peak for of 8-1 
valine plus methionine plus tyrosine yields only an approximate value for cent. 
the per cent of the total nitrogen of the protein attributable to these com- prepa 
bined amino acids. The peak is integrated by using a color yield of 1.00, the p 
whereas the respective color yields for the individual components are 1.01, | obtai, 
1,00, and 0.86. The recoveries obtained for the first six fast moving com- nitrog 
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ponents in Fig. | are useful in the preparation of a nitrogen balance sheet for 
the chromatogram, but are replaced by the results from a butyl-benzyl 
alcohol column in later calculations. The glutamic acid plus alanine in- 
tegration also yields a slightly low figure, since a correction for losses of 
glutamic acid as a result of esterification is not included. Tryptophan is 
not present in the acid hydrolysate, as evidenced by the absence of nin- 
hydrin-positive material in the valley between phenylalanine and leucine 


I 
Chromatographic Analyses of Hydrolysates of 8-Lactoglobulin 


Solvents, 1:2:1 n-butyl alcohol-n-propyl aleohol-0.1 HCI and 2:1 n-propyl alco- 
hol-0.5 sw HCI (cf. Fig. 1). 


Chromatogram 472 Chromatogram 491 —— 
Constituent 

Gm.amino Nasper Gm.amino WN as per Gm. amino 

acid per 100 centof acid per 100 cent of acid per 100 

gm. protein’ protein N gm. protein protein N gm. protein 
Leucine -isoleucine 22.6 15.47 22.4 15.34 
Phenylalanine... .. 3.85 2.09 3.89 2.12 
Valine-methionine-tyrosine 8.38 ca. 8.30 ca. 
Proline 5.29 4.13 5.16 4.08 4.96 
Glutamic acid-alanine 18.60 ca. 19.35 ca. 
Threonine. ._.. 4.85 3.65 4.75 3.58 4.42 
Aspartic acid. . 11.46 7.74 11.64 7.86 11.47 
Serine... hes 3.56 3.04 3.7 3.21 3.37 
Glycine 1.35 | 1.42 1.48 1.77 1.34 
Ammonia. 1.44 7.61 1.47 1.45 
Arginine. 3.07 6.34 2.74 5.66 2.91 
Lysine 12.25 15.05 12.70 15.60 12.80 
Histidine . 1.49 2.59 1.61 2.80 1.78 
Cystine 3.52 | 2.63 3.15 | 2.35 3.09 

Total nitrogen recovery. . 08.9 99.7 


* A 40 cc. fore fraction was collected and the column placed on the fraction col- 
lector before the emergence of the proline peak. 


in the earlier butyl-benzyl alcohol chromatograms (1). Since tryptophan 
represents 1.71 per cent of the protein nitrogen, as determined by Brand 
and coworkers (6) who published the first approximately complete analysis 
of 8-lactoglobulin, the theoretical recovery for Table I should be 98.3 per 
cent. For some purposes, such as comparative studies on different protein 
preparations, the type of data afforded by Table I may be adequate without 
the performance of additional chromatograms. Quantitative figures are 
obtained for ten of the individual components, and an approximate total 
nitrogen recovery may be derived from the single chromatogram. 
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The hydrolysates have given a negative nitroprusside test. In addition, 
there was no evidence of interference from cysteine in the valleys on either 
side of the histidine peak. Apparently any cysteine originally present is 
oxidized during the preparation of the hydrolysate for analysis. 

In the present experiments the data from Table I have been combined 
with the results from additional columns to give a more complete picture 
of the composition of the hydrolysate. Glutamic acid and alanine have 
been determined with 2:1:1 tert-butyl alcohol-sec-butyl alcohol-0.1 x HC] 
(3). <A fore fraction was collected and the chromatogram placed on the 
fraction collector prior to the emergence of proline. Duplicate determina- 
tions gave values of 19.30 and 18.85 per cent for glutamic acid, and 7.10 
and 7.08 per cent for alanine. The results obtained in the experiments 
with n-butyl alcohol-benzyl alcohol columns have already been reported 
(1). 

Composition of 8-Lactoglobulin—The amino acid composition of 8-lacto- 
globulin indicated in Table II is based in major part upon the analytical 
results from the three types of chromatograms discussed above. From 
the standpoint of protein composition, data of the kind given in Table II 
are always subject to uncertainties arising from possible decomposition of 
various amino acids during hydrolysis. Significant amounts of threonine 
and serine, for example, are known to decompose during acid hydrolysis, 
with the formation of ammonia. In the present work, the values of 4.67 
and 3.56 for threonine and serine, obtained from the hydrolysate, have been 
divided by 0.95 and 0.90, respectively, in accordance with the estimates 


of Rees (17) for the decomposition of these amino acids during a 20 hour 


period of acid hydrolysis. Although the hydrolytic conditions employed 
in the present experiments differ from those used by Rees, the parallelism 
between his results and the present figures indicates that the same correc- 
tion factors are probably applicable in both cases. For example, Rees 
obtained uncorrected values of 4.84 and 3.64 per cent for threonine and 
serine in hydrolysates of 8-lactoglobulin. He found the total ammonia 
content of the hydrolysate to be 1.49 percent. The corresponding chroma- 
tographic value is 1.45 per cent (Table 1). 

A maximum possible value for the amide ammonia of the protein can be 
obtained from the chromatographic data by subtracting from the total 
ammonia content of the hydrolysate the amount of ammonia estimated to 
be formed by the decomposition of threonine and serine. The resulting 
figure, 1.35 per cent of ammonia, is slightly higher than the amide ammonia 
value of 1.31 per cent as determined by Warner and Cannan (20), Brand 
et al. (6), and by Rees (17). 


Essential data in Table II derived from other sources include the pho- — 


tometric value of Brand et al. (6) for tryptophan and the sulfur partition 
results obtained by the same authors. The independent value for me- 
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Tas_e Il 
Amino Acid Composition of 8-Lactoglobulin 


The values for phenylalanine, leucine, isoleucine, tyrosine, and valine are from 
chromatograms carried out with 1:1:0.288 n-butyl aleohol-benzyl alcohol-water (1). 
Glutamic acid and alanine were determined with 2:1:1 tert-butyl alcohol-sec-buty] 
aleohol-0.1 N HCl. The remaining chromatographic values are the average figures 
from Table 1. The nitrogen content of the protein was 15.6 per cent, on an ash- and 
moisture -free basis. 


i “acid N as per Literature values, gm. amino acid 
Constituent 100 per 100 gm. protein 
proton protein | 

Phenylalanine.......... 3.78 | 3.37 | 2.06 3.54 (6), 4.3 (8), 4.2 (9) 
Leucine... | 16.00] 313.06; 10.61 15.7 (7), 15.4 (10), 15.9 (11) 
Isoleucine §.86! 5.05! 4.01] 8.4 (6), 7.0 (8), 6.1 (12) 
Methionine 3.22°| 2.84 1.94 | 
3.64 3.28) 1.81 3.78 (6), 3.6 (13) 
« 5.62 4.76 4.31 5.8 (6), 5.5 (8), 5.8 (9) 
Proline. . 4.33) 4.01 | 4.1 5.5 (9), 4.84 (14) 
Glutamic acid ...| 19.08; 16.75 11.64 19.5 (6), 19.1 (15), 21.51 (16) 
Aspartic ‘“.... ..| 11.42! 9.98! 7.80 11.4 (6), 11.2 (15), 9.9 (16) 
Alanine... .... 7.009} 5.67! 7.15! 6.2 6.1 (9), 7.05 (14) 
Threonine. .. .-| 4.92¢| 4.18 3.71 | 5.85 (6), 5.11 (17) 
Serine... | 3.96¢ 3.28 3.39 5.0 (6), 4.07 (17) 
Glycine. ... ~ 1.39 1.06 1.66 1.4 (6), 1.5 (15), 1.56 (14) 
Arginine. . . 2.91! 2.61 6.00 2.87 (6), 2.89 (16), 2.91 (18) 
s+ exbins 12.58 11.02 15.45 11.4 (6), 11.4 (15), 10.55 (19) 
Histidine......... 163 1.44 2.83 1.58 (6), 1.50 (8), 1.55 (16) 
Cystine + cysteine... 3.403; 2.89 2.54 
Tryptophan...... 1.94§ 1.77 1.71 
Amide-NH;...... i, 6.93 1.31 (6), 1.30 (17) 


97.7 09.6 


* The value for methionine is that determined by Brand et al. (6). An independ- 
ent check on this figure was not obtained with the butyl-benzyl alcohol chromato- 
grams in this case, since the experiments were carried out before the introduction of 
thiodiglycol as an antioxidant. 

t The average threonine and serine values of 4.67 and 3.56 from Table I have been 
divided by 0.95 and 0.90, respectively, in accordance with the estimates of Rees (17) 
for decomposition of these amino acids during hydrolysis. 

} The cystine + cysteine value is that determined by Brand et al. (6). The 
chromatograms gave an average value of 3.25. 

§ The tryptophan value is that determined by Brand et al. (6). 

|| The amide-NH, value is that determined by Warner and Cannan (20). From 
the chromatographic data a maximum amide-NH, value of 1.35 can be calculated. 


thionine is necessary in this case, since the butyl-benzyl alcohol chromato- 
grams were performed before the incorporation of thiodiglycol in the solvent 
a8 an antioxidant (1). Brand et al. (6) obtained a value of 3.40 per cent 
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for cysteine plus cystine, which, in conjunction with the methionine content, 
accounted for 99.6 per cent of the sulfur of the protein. The average 
chromatographic value in Table I is 3.25 per cent. It should be noted that 
the hydrolytic conditions employed for the chromatographic experiments 
were not the same as those recommended as optimum for cysteine and 
cystine determinations by Brand and Kassell (21). Values for cystine in 
the present hydrolysates have run from 5 to 10 per cent below the accepted 
figures for cysteine plus cystine. The quantitative recovery of cystine 
from synthetic mixtures (3) indicates that the chromatogram reflects the 
true cystine content of the hydrolysate, and that the values are low as a 
result of some decomposition of cysteine or cystine during the preparation 
of the hydrolysate. In the present experiments, an attempt has been made 
to obtain as much information as possible from an HCl hydrolysate. 
Adequate chromatographic values for the special case of cystine would 
require studies on hydrolysates prepared by alternative procedures. 

The fact that the calculated cystine sulfur from the chromatogram is 
slightly less than enough to account, together with methionine, for the 
total sulfur of the protein leaves no room for the presence of ornithine or 
hydroxylysine as possible overlaps in the cystine range (3). 

The total nitrogen recovery of 99.6 per cent in Table II rests primarily 
on the chromatographic data. The weight recovery is 97.7 per cent. 
For many purposes this is a satisfactory balance sheet for the protein. 
The 2 per cent unaccounted for on a weight basis is a discrepancy which 
may arise from one or more of several causes. There may be some decom- 
position of amino acids other than those for which corrections have been 
made, Some of the amino acid analyses may be in error in such a manner 
as to compensate on a nitrogen basis but not on a weight basis. There 
may be amino acid constituents present which have not been determined 
by the chromatograms. Hydroxyproline, for example, would fall under 
the aspartic acid peak, and would not be detected. Negative colorimetric 
tests for this amino acid were obtained by Brand ef al. (6). Recently, 
Keston, Udenfriend, and Cannan' have demonstrated by their isotopic 
derivative method, using radioactive p-iodopheny! sulfonyl! chloride, that 
hydroxyproline is compietely absent (<0.05 per cent) in 8-lactoglobulin. 
It is also possible that the sample of protein contains small amounts of 
non-nitrogenous constituents or impurities in addition to the ash and 
moisture. The latter have been corrected for in the assignment of a nitro- 
gen content of 15.6 per cent to the protein. In the present state of accu- 
racy of the chromatographic methods, however, it is not possible to base 
any conclusions on the observed small difference between the weight and 
nitrogen recoveries. 


' Keston, A. 8., Udenfriend, 8., and Cannan, R. K., personal communication. 
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Comparison of Chromatographic Results with Other Values—Analytical 
results obtained by other methods are included in Table Il. A more com- 
plete summary of literature values has been given by Brand (22). On 
synthetic mixtures of amino acids the chromatograms have yielded re- 
coveries of 100 + 3 per cent for individual components (1, 3). The 
microbiological assays, and some of the other methods, have a potential 
error at least this large. Thus, for purposes of comparison, conformity 
to within 5 per cent has been considered as reasonable agreement. 

For leucine, tyrosine, valine, arginine, and histidine, the several literature 
values in Table II are all in agreement with the chromatographic results. 
Glycine also falls in this group if the variation from 1.39 to 1.56 per cent is 
considered satisfactory for an amino acid present to so small an extent. 
The threonine and serine values are in excellent agreement with those of 
Rees (17) obtained by periodate oxidation, as already mentioned, but are 
about 20 per cent below the results of Brand et al. (6). The glutamic and 
aspartic acid figures are both checks with the isotope dilution values of 
Foster (15) and the microbiological results of Brand et al. (6). They are 
not in line with the analyses of Chibnall, Rees, and Williams (16). The 
isoleucine result has been discussed previously (1) and is in agreement with 
the most recent microbiological determination (12). For phenylalanine, 
the two microbiological values (6, 8) are more than 5 per cent above and 
below the chromatographic value from starch columns. The figure ob- 
tained by Tristram (9), who employed chromatography of the acetylated 
amino acids on silica gel, is also higher than the present phenylalanine 
determination. 

Alanine has previously been a difficult amino acid to determine. The 
present value is higher than the microbiological figure (6) or that of Tris- 
tram (9), but is in agreement with the recent results of Keston, Udenfriend, 
and Cannan (14), obtained by the isotopic derivative method. The proline 
content is 20 per cent above the microbiological value of Brand et al. (6), 
but in fairly good agreement with the isotopic derivative data (14). 

The value for lysine given in Table II is 10 per cent higher than the 
microbiological (6) and isotope dilution (15) figures. References to addi- 
tional lysine determinations, all of which fall between 10.5 and 11.4 per 
cent, are reviewed by Brand (22). The chromatographic value in this 
instance may be in error. For bovine serum albumin, discussed later, 
the chromatographic determination of lysine is in good agreement with 
the isotope dilution data. In the 8-lactoglobulin hydrolysate, there may 
be a small amount of some component other than lysine traveling in the 
same range on the column, although none of the additional substances 
studied to date (3) fall in this category. It is also possible that the chro- 
matographic figure may be correct, if there is some racemization of lysine 
during hydrolysis. It has been shown previously (3) that the sum of the p 
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and 1 isomers in the hydrolysate is determined by the chromatographic 
method. As usually employed, the microbiological (6), isotope dilution 
(15), and lysine decarboxylase (23) methods permit the determination ¢ 
only the L isomer. 

A calculation of a minimum molecular weight for the protein from 
analytical figures has been made by Lrand ef al. (6), by adjusting the 
molar ratios to integers within 3 per cent. For the amino acids present 
in the smallest amounts in the protein, the attainment of this degree of 
accuracy by the chromatographic methods, at least, cannot be assured. 
For purposes of molecular weight calculations, an absolute accuracy of § 
per cent is about as close a limit as can be placed on the smaller figures in 
Table Il. For example, the deviations from the mean in the triplicate 
analyses for arginine and histidine in Table I emphasize the need for caution 
in the mathematical interpretation of the results. The determination of 
histidine (1.63 per cent) to within 5 per cent of its value is equivalent to 
determining about 0.1 per cent of the total weight of the protein. This is 
about the limit of accuracy of the chromatographic procedure. The value 
of any detailed mathematical treatment of the analytical figures in this 
case is subject to the further limitation that 8-lactoglobulin, although it isa 
prote n which can be prepared in a fairly reproducible form, may not be 
homogeneous (24, 25)). 


Analyses of Hydrolysates of Bovine Serum Albumin 


The effluent concentration curve obtained upon chromatography of s 
hydrolysate of bovine serum albumin is given in Fig. 2. The curve parallels 


that obtained with the synthetic mixture (3) in all respects. No new | 


peaks are present. When threonine, serine, and histidine were added tos 
sample of the hydrolysate, the designated peaks rose without loss of sym- 
metry, and the added amino acids were recovered in yields of 105, 99, and 
99 per cent, respectively. 

Integration of Effiuent Curves —The quantitative data obtained from the 
experiment shown in Fig. 2, and replicates thereof, are given in Table IIL 
As was true in the case of 8-lactoglobulin, the nitrogen of the hydrolysate 
has been almost completely accounted for in each experiment. The trypte 
phan content of bovine serum albumin, according to the data of Brand ¢ 
al. (26, 22), corresponds to only 0.50 per cent of the total nitrogen of the 
protein, and the theoretical recovery for Table III is thus 99.5 per cent. 
The observed recovery is subject to the same approximations which were 
discussed for 8-lactoglobulin. 

Duplicate chromatograms with 2: 1:1 tert-butyl alcohol-sec-butyl alcohol- 
0.1 s HCI gave values of 16.7 and 16.3 per cent for glutamic acid and 6.32 
and 6.17 per cent for alanine. 
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Fic. 2. Chromatographic fractionation of a hydrolysate of bovine serum albumin. 
Solvents, 1:2:1 n-butyl! aleohol-n-propy! aleohol.0.1 HCI! and 2:1 n-propyl! alcohol- 
65s HC). Column dimensions, 0.9 X 3 em. Sample, an amount of hydrolysate 
corresponding to about 2.5 mg. of protein. 

Taste Ill 
Chromatographic Analyses of Hydrolysates of Bovine Serum Albumin 

Solvents, 1:2:1 n-butyl aleohol-n-propy! aleohol-0.1 ~ HCI and 2:1 n-propyl aleo- 
hol 0.5 HCI (cf. Fig. 2). 

Chromatogram 440 (Chromatogram 481 Chromatogram 488 
Cc (sm. Cam Gm. N as 

miso | cent of | | Cont of | | Cent of 

protem protein protein 
Leucine-isoleucine ...... 4.4 9.58 14.75 9.80 14.3 9.51 
Phenylalanine 6.32 3.34 6.44 3.40 6.52 3.44 

Valine-methionine -t yrosine 7.42 ca. 7.37 ca 7.20 ca 
Proline 465 3.52 4.75 3.00 4.85 3.67 

Glutamic acid-alanine l4.Wea 15.25 ca 15.40 ca 
Threonine ge we 5.44 3.98 5.72 4.19 5.50 4.05 
Aspartic acid 10.91 7.15 10.86 7.12 10.96 7.19 
Serine 3.91 | 3.24 3.76 3.12 42 | 3.13 
Glycine 1.85 | 2.15 1.75 2.03 1.85 | 2.15 
Ammonia. . 1.03 | 5.28 1.08 5.54 1.06 5.44 
Arginine... 5.% 11.92 6.03 12.07 5.72 11.45 
Lysine. .... 12.70 15.15 12.62 15.05 13.15 15.68 
Histidine 4.29 | 7.24 3.67 6.18 4.04 6.82 
Cystine. . 5.83 4.23 5.81 4.22 6.08 4.41 
Total nitrogen recovery 99.1 98.9 90.5 
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Taste IV 
Amino Acid Composition of Bovine Serum Albumin 

The values for phenylalanine, leucine, isoleucine, tyrosine, and valine are from 
chromatograms carried out with 1:1:0.28S n-butyl aleohol-benzyl alcohol-water con- 
taining 0.5 per cent thiodiglyeol (1). Glutamic acid and alanine were determined 
with 2:1:1 tert-butyl aleohol-sec-butyl aleohol-0.1 ws HCl. The remaining chromato. 
graphic values are the average figures from Table II. The nitrogen content of the 
protein was 16.07 per cent, on an ash- and moisture-free basis. 


Constituent acid ber ~ Literature acid per 
protein NI 

Phenylalanine 6.59 | 5.87 | 3.48 6.1 (22), 6.48 (27), 6.05 (28) 
Leucine... 12.27 | 10.58 8.17; 13.7 (22, 26), 11.8 (27), 13.2 (28) 
Isoleucine | 2.61 | 2.25 1.74 2.9 (22), 2.97 (27), 2.7 (28) 
Methionine 0.47 (27), 0.80 (2s) 
Tyrosine. . | 5.06 4.56 2.44 5.5 (22, 29), 5.2 (30), 5.3 (13) 
Wee. «<<: 5.92 | 5.01 4.41 6.5 (22), 5.4 (30), 6.6 (27) 
Proline 4.75 | 4.00) 3.00 5.6 (22), 5.1 (27), 5.5 (28) 
Glutamic acid. . 16.50 | 14.49 9.78 16.9 (22), 16.6 (27), 16.95 (29) 
Aspartic “ . 10.91 Y.44 7.15 10.6 (22), 11.1 (27), 10.25 (29) 
Alanine.... 6.25 6.12 
Threonine 5.837 4.95 4.27 6.5 (22, 26), 6.2 (27), 6.3 (30) 
Serine... 4.23¢ 3.51 3.52 4.5(22, 26), 4.9 (28) 
Glycine. . 1.82 1.38 2.11 1.9 (22), 1.96 (29), 2.0 (28) 
Arginine 5.90 | 5.29 11.80 6.2 (22, 26), 5.9 (27), 6.1 (30) 
Lysine..... 12.82 11.25 15.30 12.4 (22), 12.4 (29), 12.3 (30) 
Histidine 4.00 3.54 6.75 3.8 (22, 26), 3.35 (31), 4.1 (30) 
Cystine + cysteine 6.523, 5.54 4.73 
Tryptophan... 


Amide-NH, 0.95 4.87 1.05 (22, 26) 


97.9 101.2 


* The value for methionine is that determined by Brand et al. (22, 26). The chro- 
matograms gave a figure of about 0.92 (1). 

t The average threonine and serine values of 5.55 and 3.51 from Table IIT have 
been divided by 0.95 and 0.90, respectively, in accordance with the estimates of Rees 
(17) for decomposition of these amino acids during hydrolysis. 

t The cystine + cysteine value is that determined by Brand ef al. (22, 26). The 
chromatograms gave an average value of 5.91. 

§ The tryptophan value is that determined by Brand et al. (22, 26). 

_ This figure is a maximum value for amide-NH, calculated from the total NH, of 
the hydrolysate corrected for the approximate amount of NH, formed on the decom. 
position of serine and threonine. 


Composition of Bovine Serum Albumin—The data on bovine serum al- 
bumin have been summarized in Table IV. The chromatograms gave 4 
figure of 0.92 per cent for methionine (1) which is close to the value of 0.81 


all 
alc 


I 
| 

Gm NT 

0) 
u 
hy 
re 
W 
A 
H 
5 
ct 
Vi 
m 
th 
ag 
(2 
of 
m 
to 


W. H. STEIN AND 8S. MOORE 89 


per cent as determined by Brand et al. (26). The same authors obtained a 
figure of 6.52 per cent for cysteine plus cystine which, in conjunction with 
the methionine content, accounted for 99.0 per cent of the sulfur of the 
protein. The average chromatographic value for cystine in the hydrolysate 
is 10 per cent below the above figure. 

The total ammonia in the hydrolysate of bovine serum albumin (Table 
111) averages 1.06 per cent. Corrected for 0.068 per cent ammonia formed 
by the decomposition of serine and 0.040 per cent from threonine, the 
maximum possible figure for the amide ammonia of the protein becomes 
0.95 percent. This result, uncorrected for additional ammonia that might 
be formed as a result of the decomposition of other amino acids, has been 
used in Table IV. The amide ammonia determination of Brand (22) on 
bovine serum albumin gives the apparently high figure of 1.05 per cent. 

The total nitrogen recovery in Table IV is 101.2 per cent. The weight 
recovery is 97.9 per cent. Possible causes for the discrepancy between the 
weight and nitrogen recoveries have already been mentioned. 

Comparison of Chromatographic Results with Other Values—The results 
for the first six amino acids in Table IV have already been discussed (1). 
Additional values in Table IV include microbiological assays reported by 
Henderson and Snell (27), Gunness, Dwyer, and Stokes (13), Hier, Graham, 
Friedes, and Klein (30), and Velick and Ronzoni (28). As in the case of 
8-lactoglobulin, hydroxyproline has been shown to be absent (<0.006 per 
cent) in bovine serum albumin by Keston, Udenfriend, and Cannan. 
For glutamic acid, arginine, and lysine, several values from the literature 
and the chromatographic results are all in agreement. The glycine figure, 
considering the small amount present, checks with the isotope dilution 
value of Shemin (29) and the microbiological assays (26,28). The chroma- 
tographic value for aspartic acid is in agreement with the microbiological 
results (26, 27) and within 6 per cent of the isotope dilution value (29). 
The figure for proline is 5 to 15 per cent below the microbiological deter- 
minations (26-28). The values for threonine and serine are also lower 
than the earlier results. The chromatographic figure for histidine is in 
agreement with the results of the microbiological (80) and photometric 
(26) methods, but is higher than the value obtained by the isolation method 
of Vickery and Winternitz (31). Alanine has not previously been deter- 
mined in bovine serum albumin. 


SUMMARY 


Chromatography of amino acids on starch columns has been applied 
to the determination of the composition of 8-lactoglobulin and bovine serum 
albumin. A single chromatogram run with 1:2:1 n-butyl alcohol-n-propyl 
aleohol-0.1 n HCl distributes the amino acids to give an effluent curve 
which yields quantitative values for ten of the components of the hydro- 
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lysate. When the integrations of the overlapping peaks were included, a 
nitrogen distribution was obtained in each case which accounted for 100 + 
2 per cent of the total protein nitrogen. A combination of chromatograms 
run with three solvent systems is required for quantitative estimation of 
essentially all the components of the acid hydrolysates. About 2.5 mg, 
of protein are used per chromatogram. The complete series can be carried 
out in triplicate with a hydrolysate prepared from 25 to 50 mg. of protein. 
To estimate the composition of the protein from data obtained on the 
hydrolysate, the values for serine and threonine must be corrected for the 
decomposition undergone by these amino acids during hydrolysis. Values 
for tryptophan and cysteine plus cystine determined by other methods are 
also required. The final tabulation of the results on 8-lactoglobulin and 
bovine serum albumin has given total nitrogen recoveries of 99.6 and 101.2 
per cent respectively, and weight recoveries of 97.7 and 97.9 per cent. 
The individual amino acid analyses have been compared with values 
previously obtained by chemical, microbiological, and isotopic methods. 


The authors wish to acknowledge the assistance of Miss Enid Mellquist 
and Mr. Anton Hornicek in the performance of this work. 
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FACTORS AFFECTING THE RATE OF GROWTH OF 
LACTOBACILLUS CASEI 
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THOMAS R. WOOD 


(From the Research Laboratories, Merck and Company, Inc., Rahway, New Jersey) 


(Received for publication, October 14, 1948) 


It has been recognized for some time that Lactobacillus casei develops 
slowly in completely synthetic or semisynthetic media which contain all of 
the absolutely essential vitamins and amino acids. Usually little or no 
growth appears during the first 16 to 24 hours of incubation. Under some 
conditions the addition of asparagine, glutamine, glutamic acid (1), or an 
unknown factor or factors in peptone (2), or a combination of glutamine, 
p-aminobenzoic acid, and pyridoxal (3) will speed up the rate of growth of 
L. casei. Trypsinized preparations of casein and other purified proteins, 
the active principle of which has been named strepogenin (4, 5), also will 
reduce the lag phase of L. casei. Certain synthetic peptides of glutamic 
acid, for example serylglycylglutamic acid, have some strepogenin activity 
(6). Also, evidence has been presented that for optimum growth of L. 
casei during the first 16 hours of incubation glutathione and a factor asso- 
ciated with animal products, as well as strepogenin, must be supplied to 
the organism (7). The present paper reports some additional observations 
on the relation of strepogenin and certain other factors to the rate of 
growth of L. caset. The term strepogenin is used to describe the activity 
of trypsinized casein and that of various purified proteins and natural ma- 
terials when compared to trypsinized casein as the standard. 


Methods 


Experiments designed to investigate rate phenomena are technically diffi- 
cult to carry out with consistent results, since apparently minor variations 
in the inoculum culture medium and technique may profoundly influence 
the rate of growth (7). In order to obtain reasonably consistent results it 
is necessary to use carefully standardized procedures. Therefore, experi- 
mental details are described more fully than would normally be necessary. 

Stab cultures of Lactobacillus casei were carried in a medium consisting 
of peptone 0.5 per cent, glucose 1.0 per cent, agar 1.5 per cent, and 0.5 ml. 
each of Salts A and B per 100 ml. of medium (8). Each week a subculture 
was made from a stab culture into 5 ml. of broth of the same composition 
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contained ina 15 125mm. tube. The subculture was incubated at 37° 
for 24 hours. Subsequently, broth to broth transfers were made daily for 
the remainder of the week. To prepare inoculum, a 24 hour broth culture 
was centrifuged, and the sedimented cells were washed twice with 5 ml. of 
sterile distilled water and resuspended in 10 ml. of water. This suspension 
was diluted with water to give a reading of approximately 95 on the gal- 
vanometer of the Evelyn photoelectric colorimeter fitted with a 520 mu 
filter. 

The medium listed in Table I was used for the experiments. Materials 
to be tested, after approprate treatment and dilution, were placed in 
chromic acid-cleaned colorimeter tubes and made up to a volume of 5 ml. 
with water. 5 ml. of medium were added to each tube, and the tubes 


I 
Basal Medium 


Acid-hydrolyzed casein... ... 3400 mg. | Biotin 0.1 
50 MnCly-4H,0 2.5 we. 
Na acetate (anhydrous). 6 | Salte A 
Adenine... 2.5mg.  K:HPO, 250.0 * 
Uracil . 2.5“ Salts B 
Pantothenic acid. MgS0O,:7H,O 100.0 
NaCl 5.0 “ 
MnSO,:-4H,0 5.0 “ 
Pyridoxamine............... 200 ** Adjust to pH 6.8 
p-Aminobenzoic acid.... 20 Add distilled H,0 to 

250.0 ml. 


were closed with plugs of non-absorbent cotton and autoclaved for 11 
minutes at 115°. Higher sterilization temperatures and, to a lesser extent, 
longer periods of sterilization produced a brown discoloration of the medium 
which interfered with subsequent turbidimetric readings. 

After sterilization, each tube was inoculated with 1 drop of the inoculum 
suspension described above. It is necessary to use pipettes which will 
deliver drops of uniform size. 1 ml. Exax pipettes graduated in 0.01 ml. 
were satisfactory for delivery of the inoculum. Care was taken to allow 
the drop of inoculum to fall directly into the medium rather than on the 
walls of the tube. The inoculated tubes were incubated at 37° for 17 hours 
prior to determining their turbidities, or until a control tube containing 3 
mg. of trypsinized casein gave a galvanometer deflection of 40 to 50 in the 
Evelyn colorimeter with a 520 my filter. Additional details of procedure 
will be mentioned later. 
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Purified proteins and natural materials were trypsinized according to 
the procedure of Sprince and Woolley (5). Difeo trypsin 1:110 was used. 
The trypsinized casein standard was prepared from 8. M. A. vitamin-free 
casein. ‘lo prepare standard curves of the trypsinized casein, the required 
amount of the lyophilized material was dissolved in water to give a con- 
centration of 1 mg. per ml. This solution could be stored in the refriger- 
ator under toluene for at least 2 weeks without loss of activity. 

The hydrolyzed casein used in the basal medium was a sulfuric acid 
hydrolysate of S. M. A. vitamin-free casein from which the sulfate was 
removed with barium hydroxide. 


EXPERIMENTAL 


Inoculum —The rate of growth of Lactobacillus casei under the conditions 
outlined above is markedly increased by strepogenin and is proportional to 
strepogenin concentration, generally, within the range of 0 to 1 mg. of 
casein (Fig. 1). With increase in incubation beyond 16 hours, growth in- 
creases in all tubes, including the one with no strepogenin; at 42 hours the 
stimulatory effect of strepogenin is hardly evident. 

Growth response of Lactobacillus casei to strepogenin is decreased some- 
what if the cells for the inoculum are taken from a 2 day-old broth culture 
in place of the customary 1 day culture. Cells from 3 day-old broth cul- 
tures are only slightly stimulated by strepogenin at 16 hours incubation. 
Also, growth is proportional to the number of cells in the inoculum. A 
decrease in the number of cells to one-tenth that normally used decreases 
the response to strepogenin markedly, whereas a 10-fold increase produces 
much greater growth of L. casei in all tubes. The resulting curves resemble 
closely those obtained by varying the time of incubation (Fig. 1). Inocula 
grown in broth enriched with 0.25 mg. of L-asparagine per ml. and in broth 
in which Wilson’s solubilized liver fraction L was substituted for the pep- 
tone were stimulated by strepogenin to the same degree as cells taken from 
the usual peptone medium. 

Activity of Purified Proteins and Natural Materials—Sprince and Woolley 
have used solubilized liver extract (Wilson’s fraction L) as the standard 
in measuring the strepogenin activity of trypsinized proteins (4,5). Com- 
parison of solubilized liver with trypsinized casein indicates that, within 
the range of 0 to 1 mg. of each, casein is about 4 times as potent as liver 
extract (Fig. 2). Ilowever, if both substances are increased to above 3 
mg., there is a change in relative potency. The casein growth curve de- 
creases markedly in slope at the 3 mg. level, whereas that of liver extract 
does not decrease until the 10 mg. level is reached. Consequently, the two 
curves cross, and above the 3 mg. level liver extract is much more stimu- 
latory than casein. Acid production was used as the criterion for growth 
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because the color of the larger amounts of liver extract added interferes 
with turbidimetric readings. The liver extract may contain a single stimu- 
latory substance which is different from strepogenin or possibly a number 
of stimulatory substances, one of which may be strepogenin. ‘The greater 
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0102 04 06 1.0 2.0 3.0 
MILLIGRAMS TRYPSINIZED CASEIN 
Fia. 1. Response of Lactobacillus casei to strepogenin as a function of time 


effect of liver extract as compared to casein does not appear to be due to 
glutamine, inositol, choline, nicotinamide, thymine, lecithin, oleic acid, 
cozymase, cocarboxylase, malic acid, succinic acid, fumaric acid, or excess 
B vitamins (10 times the quantities given in Table 1), since addition of 10 
mg. each of those substances to tubes conta ning 2.5 mg. of trypsinized 
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casein did not appreciably increase growth above that obtained with the 
casein alone. (ther trypsinized natural materials such as yeast extract, 
tankage, peptone, and distillers’ solubles as well as the trypsinized purified 
proteins, soy bean glycinin, trypsinogen, tobacco mosaic virus, and insulin, 
when used in amounts of 5 to 50 mg. per tube, failed to give as much growth 
as liver extract. 


LIVER EXTRACT 
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kia. 2. Growth of Lactobacillus casei with liver extract and casein 
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Fig. 3. Inhibition of growth of Lactobacillus casei by asparagine 


Inhibition by Asparagine—Asparagine consistently inhibited growth. 
lowever, the addition of as little as 0.05 mg. of trypsinized casein is suffi- 
cient to overcome the asparagine inhibition. The inhibitory effect of as- 
paragine is illustrated in Fig.3. At 17 hours, maximum inhibition occurred 
with 0.05 mg. of asparagine per tube, whereas at 24 hours 0.25 mg. of as- 
paragine was required for maximum inhibition. Substitution of amino 
acids for the hydrolyzed casein in the basal medium (9) did not alter the 
inhibition by asparagine. In the completely synthetic medium the strepo- 
genin curves were steeper and the blank tubes had consistently less growth 
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than in the hydrolyzed casein medium. Glutamine, when substituted for 
asparagine, was not inhibitory, and tended to neutralize the inhibitory 
effect of asparagine. 

Adaptations of Lactobacillus casei—An attempt was made to “train” Lac- 
tobacillus casei to accelerate its rate of synthesis of strepogenin and thus 
eliminate its requirement for added strepogenin. Serial subcultures were 
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ADAPTED STRAIN--ASPARAGINE FREE MEDIUM 


PER CENT TRANSMISSIBLE LIGHT 


Lo 2.0 3.0 
MILLIGRAMS TRYPSINIZED CASEIN 


Fic. 4. Growth characteristics of Lactobacillus casei serially subcultured in the 
absence of strepogenin. 


made daily by loop transfer in the basal medium (Table 1) in the absence of 
added strepogenin. Growth was allowed to proceed for 24 hours prior to 
subculture in order to permit appreciable synthesis of strepogenin to occur, 
and turbidity readings were made after 16 hours to determine the degree of 
acceleration of strepogenin synthesis. Tubes inoculated with the usual 
peptone broth inoculum were included in this experiment as controls. 
After only five serial transfers, good growth was obtained in the strepogenin- 
free basal medium within 16 hours. Fig. 4 shows that the accelerated 
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culture without added strepogenin grows even more rapidly than the orig- 
inal untrained culture supplied with 3 mg. of trypsinized casein. Inter- 
estingly, if asparagine is omitted from the basal medium, the accelerated 
strain again requires trypsinized casein for rapid growth to the same degree 
as the original culture. Approximately 0.4 mg. of asparagine per 10 ml. 
of medium is necessary for abundant growth of the adapted strain. Glu- 
tamine can replace asparagine but approximately 100 times more of glu- 
tamine than asparagine must be used. These findings again indicate a 
close metabolic relationship between asparagine and strepogenin. 
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Fic. 5. Growth characteristics of Lactobacillus casei serially subcultured in the 
absence of asparagine and strepogenin. 


By using the same technique as described above, except that a medium 
without strepogenin or asparagine was employed, it was possible to “train” 
Lactobacillus casei to grow fairly well within 16 hours without added as- 
paragine or strepogenin (Fig. 5). However, in sharp contrast to the results 
with the previously mentioned adapted strain, if asparagine is added to 
the basal medium, the second adapted strain again requires trypsinized 
casein for rapid growth, as does the original culture. Thus, the inhibitory 
effect of asparagine for the original strain has been enhanced. 

Inactivation and Reactivation of Strepogenin—Trypsinized casein which 
has been refluxed with hydrochloric acid at pH 1 (glass electrode) for 24 
hours is completely inactive in asparagine-free medium, but is fully active 
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when asparagine is supplied (Fig. 6). Quantitatively, 0.75 mg. to 1.0 mg. 
of L-asparagine per 10 ml. of medium is required for full restoration of the 
activity of 3 mg. of acid-inactivated strepogenin. Glutamine is also effec- 
tive in this respect but approximately 100 times more of glutamine than 
asparagine is required. Biotin, glutathione, pyridoxal, 3-alanine, and as- 
partic acid are ineffective in restoring activity. Asparagine also restores 
the activity of acid-refluxed strepogenin in the synthetic amino acid medium 
(9). Results similar to those with casein were obtained with acid-refluxed 
solubilized liver extract (Wilson's fraction L). 
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Fio. 6. Reactivation of acid-refluxed casein with asparagine 


Trypsinized casein, which is kept at pH 1 at room temperature for 20 
hours, shows no loss of activity. Refluxing of trypsinized casein at pH 
10 results in complete loss of strepogenin activity, and, in contrast to the 
results at pH 1, the activity cannot be restored by asparagine. Refluxing 
of casein and liver extract at pH 7 results in partial loss of activity, which 
is restored by asparagine. 

The adapted Lactobacillus casei culture, which can grow readily without 
strepogenin but requires asparagine, will not grow when the acid-refluxed 
casein is substituted for asparagine. This fact plus the fact that the normal 
L. casei strain requires asparagine for rapid growth with acid-treated casem 
would appear to indicate that the acid inactivation of trypsinized casein is 
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due to hydrolysis of the amide group of asparagine, or of other amides 
which may perform a similar function. 

These data emphasize further the close relationship between asparagine 
and strepogenin. The elucidation of its nature must await the isolation of 
strepogenin in pure form or at least free of asparagine. 


SUMMARY 


The effects of size, age, and growth medium on the response of the Lacto- 
bacillus casei inoculum to strepogenin are described. Trypsinized casein is 
about 4 times as potent as Wilson’s liver fraction L in stimulating growth 
of L. casei when tested within the range of 0 to 1 mg. of each substance per 
10 ml. of medium. However, at higher levels the liver fraction consistently 
supports more rapid growth than casein. Other trypsinized materials did 
not support as much growth as liver extract. Under the conditions em- 
ployed, the growth of L. casei is markedly inhibited by asparagine, whereas 
glutamine is not inhibitory. 

It was possible by serial subculture in strepogenin-free medium to adapt 
the strepogenin-requiring strain of Lactobacillus casei to grow rapidly with- 
out strepogenin. However, it is necessary to add asparagine to the medium 
for rapid growth of this adapted strain. It was also possible to adapt L. 
casei to grow rapidly without either strepogenin or asparagine. For this 
second adapted strain asparagine is inhibitory, and the inhibitory effect 
can be overcome by the addition of trypsinized casein to the medium. 

Trypsinized casein which has been refluxed at pH 1 for 24 hours is com- 
pletely inactive in asparagine-free medium, but is fully active when as- 
paragine is added. Similar results were obtained with acid-refluxed 
Wilson’s liver fraction L. Glutamine, in 100 times the quantity of as- 
paragine, will also restore the strepogenin activity of acid-refluxed casein. 

The data presented indicate strongly a close metabolic relationship be- 
tween strepogenin and asparagine. 
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(Received for publication, October 14, 1948) 


In the preceding paper (1) it was shown that the growth rate of Lacto- 
bacillus caset may be markedly affected by variations in the amount of 
asparagine present in the medium. This compound may be either stimu- 
latory or inhibitory, depending upon the conditions existing; evidence was 
presented which indicates that asparagine is closely related metabolically 
tostrepogenin. For example, strepogenin, in the form of trypsinized casein 
(2), is completely inactivated by mild acid hydrolysis when the test medium 
does not contain asparagine, whereas its activity is not affected if asparagine 
is supplied to the organism. Moreover, a culture of Lactobacillus casei 
“trained” by appropriate subculture to grow rapidly without strepogenin 
was found to require asparagine for rapid development; another “trained” 
culture grew well in the absence of both, but was markedly inhibited by as- 
paragine. This effect was overcome by trypsinized casein. 

As a result of these findings, experiments were undertaken to define 
mpre closely the nature of the relationship between asparagine and strepo- 
echin, and to determine whether the rate of growth of Lactobacillus casei 
can be effectively altered by varying the level in the medium of known 
nutrients other than asparagine. 

Experiments along those lines have led to the development of a chemically 
completely defined medium which is capable of supporting rapid growth of 
Lactobacillus casei; maximum turbidity is obtained in about 24 hours and 
maximum acid production in about 30 hours. The rate of growth of the 
organism, under these conditions, is not appreciably affected by trypsinized 
casein. Upon omission of the appropriate substance, the medium is suit- 
able for the rapid turbidimetric or titrimetric assay of folic acid, biotin, and 
serine, and should be adaptable for the assay of other compounds required 
by the organism. 


EXPERIMENTAL 


In the first experiments conducted, the casein hydrolysate basal medium 
and inoculum described previously (1) were employed. Since asparagine 
decreases the rate of growth of Lactobacillus caset when added to this me- 
dium in the absence of strepogenin, it seemed possible that its inhibitory 
effect was due to an antagonism between the amide and some constituent 
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of the basal medium. To test this hypothesis, an excess of each of the 
amino acids known to exist in casein and each of the vitamins and other 
supplements employed was added individually to the medium containing 
asparagine. Serine alone was found to be effective as a growth stimulant 
under these conditions. Approximately 2.0 mg. of serine, in addition to 
that present in the casein hydrolysate, are capable of overcoming the in- 
hibition caused by 2.5 mg. of asparagine. However, larger amounts of 
serine stimulate more rapid growth than is obtained on the original as- 
paragine-free medium. On the other hand, an increase in the serine level 
in the absence of asparagine is without effect. These results are sum- 


marized in Table I. 


Taste I 
Effect of Asparagine® and Serine® on Rate of Growth of Lactobacillus casei 

Supplement added Turbidity, 17 brs. 
per fer cemi light tramsmisied 

Nonef...... 76 

10 mg. serine.... 76 

2.5 mg. asparagine 93, 93 

25 “ “ +2 mg. serine. 78, 79 

| 57, % 


© Throughout the work reported in this paper, L-asparagine, t-glutamic acid, 
and p.i-serine were employed. 
t Casein hydrolysate basal medium (1) without asparagine. 


In the light of these findings, it appeared advisable to turn our attention 
to a medium in which the concentration of each constituent could be con- 
trolled. An amino acid basal medium patterned after that of Stokes, 
Gunness, Dwyer, and Caswell (3) was therefore employed in all of the re- 
maining work. As before, the final volume was 10 ml. per tube. Except 
where otherwise indicated, the tubes containing the basal medium and the 
various supplements were sterilized by autoclaving at 115° for 12 minutes. 
After sterilization, the tubes were inoculated and incubated at 37° for the 
various times specified prior to determining their turbidities or titrating 
the acid produced. Throughout the work, a light inoculum similar to that 
described previously (1) was employed, except that 24 hour broth subcul- 
tures made daily from agar stabs were used to avoid any possible “training” 
effect of a week's serial subculture in the broth. 

Effect of Amino Acids on Rate of Growth of Lactobacillus casei —The mu- 
tually stimulatory effects of serine and asparagine, when added to the basal 
Medium AA (Table I1), were similar to those observed with the casein 
hydrolysate medium (1). Glutamine was not an effective substitute for 
asparagine. Moreover, it was found that the rate of growth in the presence 
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of adequate amounts of serine and asparagine can be further increased by 
raising the glutamic acid level. Glutamine is capable of replacing glutamic 


Taste II 
Composition of Amino Acid Basal Media 


Concentration 


Constituent 
Media AA, B Media B+, BA 
mg. per tube me. per iube 

Amino acid mixture ° ° 
L-Asparagine t 2.5 
pL-Serine | t 90.0 
t-Glutamic acid t | 20.0 
Dextrose (anhydrous) 100.0 100.0 
Sodium acetate (anhydrous) 60.0 | 60.0 
Adenine, guanine, uracil, each 0.1 | 0.1 
Salts A | 

K,HPO, 5.0 | 10.0 

KH,PO, 5.0 10.0 
Salts B 

MgS0,-7H,0 2.0 4.0 

NaCl 0.1 0.2 

FeSO.-7H,0 0.1 | 0.2 

MaS0,-4H,0 0.1 0.2 
MoC},-4H,O 0.05 | 0.25 
Ascorbic acid | 2.5% 

per tube | per tube 

Riboflavin, thiamine HCl, nicotinic acid, panto- 2.0 4.0 

thenic acid, cach 
Pteroylglutamic acid 0.02 0.1 
Biotin 0.002 0.025 
Pyridoxamine 4.0 10.0 
Pyridoxine 10.0 
Pyridoxal 10.03 
p-Aminobenzoic acid 0.4 2.0 
Inositol 100.0 


* Amino acid basal mixture: Per tube 4 mg. of pi-tryptophan, 1 mg. of t-lysine, 
2 mg. each of pt-alanine, L-arginine, pL-aspartic acid, L-cystine, glycine, t-histidine, 
hydroxyproline, pt-isoleucine, pt-leucine, pt-methionine, pL-norleucine, DL- 
phenylalanine, L-proline, pt-threonine, L-tyrosine, and pi-valine. 

t The concentrations of L-asparagine, pt-serine, and L-glutamie acid were respec- 
tively in Medium AA, 2.5, 2.0, and 2.0 mg., and in Medium B, 2.5, 20.0, and 20.0. 

$ Pyridoxal was omitted from Medium BA and ascorbic acid from Medium B+. 


acid when the amide is added at a level of about 0.5 to 1.0 mg. per tube; 
progressively larger amounts produce decreasing growth responses. These 
results are illustrated in Table III. 

When added to the basal medium supplemented with 20 mg. each of 
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serine, asparagine, and glutamic acid per tube, none of the other amino 
acids in amounts up to 20 mg. per tube effected an appreciable increase in 
growth rate. 

Effect of B Vitaminse—Although Lactobacillus casei grows fairly rapidly 
on Medium B, which contains 2.5 mg. of asparagine and 20 mg. each of 
serine and glutamic acid, it was found possible to increase the growth rate 


Taste Ill 
Effect of Serine, Asparagine, and Glutamic Acid on Rate of Growth of Lactobacillus 
casei 
Experiment No. Amino acids added® per tube Turtadity, 17 bre 
per coal 
910 20 mg. asparagine, 20 mg. glutamic acid, plus 
2 mg. serine “1, 95 
10 mg. serine 75, 79 
69, 70 
20 mg. serine, 2) mg. glutamic acid, plus 
0 mg. asparagine , 1 
0.5 mg. asparagine 71, 70 
20.0 mg. asparagine 62, 61 
20 mg. serine, 2.5 mg. asparagine, plus 

2 mg. glutamic acid 81, SI 
10 mg. glutamic acid 72, 73 

» 70, 70 

916 10 mg. serine, 1 mg. asparagine, 2 mg. glutamic acid, 

plus 

supplement 81, 81 
1 mg. glutamic acid 75,7 
5 “ 70, 72 
10 mg. glutamic acid 67, 68 
0.5 mg. glutamine 67, 6S 
1 mg. glutamine 71, 71 
82, S4 
10 mg. glutamine 89 


* The basal medium was Medium AA, minus serine, glutamic acid, and asparagine. 


appreciably, but erratically, by the addition of crude materials such as 
yeast extract, corn steep liquor, and liver. Trypsinized casein was less 
effective. Since in some experiments the effect of these crude supplements 
could be partially replaced by increased amounts of biotin plus vitamin 
Bs. (pyridoxine, pyridoxal, and pyridoxamine together, added aseptically), 
the levels of all of the vitamins and minerals were increased to the values 
shown under Medium B+ (Table II) to insure that sufficient quantities 
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for optimum growth were present. Inositol was also included in the 
modified medium. 

The relative growth-stimulating effects of corn steep liquor solids, yeast 
extract (Difco), and trypsinized casein, when added to the basal medium 
containing all of these supplements (Medium B+), are shown in Fig. 1. 


YEAST 


\ 


TURBIONTY 

PER CENT OF TRANSMITTED 
a 


MG ADOLD PER TUBE 

Fic. 1. Effect of crude supplements on the growth of Lactobacillus casei; basal 
Medium B+ 17 hours incubation. 


Taste IV 


Effect of Added Reducing Agents on Growth Rate of Lactobacillus casei 
(Basal Medium B+) 


Supplement sterilized by Supplement sterilized 
Exyermment No Supglement added per tube hitration and ad by autoclaving with 
aseptically medium 


per light per cont light transmuted 


112s None 
0.5 mg. ascorbic acid 65 
10 “ thioglycolic acid 
2.5 “ cysteine 

23 None 
2.5 mg. ascorbic acid 
2.5 “ d-isoascorbic acid 
30 “ corn steep solids 
3.0 “ trypsinized casein 


Sex 


Turbidities were measured after 17 hours incubation. The relatively slight 
activity of the trypsinized casein suggests that the stimulation produced 
by corn steep solids and yeast extract is due largely to some factor other 
than strepogenin. Essentially the same results were obtained when pyri- 
doxal was omitted, and the tubes containing basal medium and all of the 
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supplements sterilized by autoclaving. This procedure was therefore fol- 
lowed in the remaining experiments, except those in Table IV. 

Effect of Other Known Compounds—Since the growth rate of Lactobacillus 
casei on basal Medium B+ can be increased by the above-mentioned crude 
materials, it appeared advisable to test the possible effect of an additional 
series of known compounds. It was found that increasing by 5-fold the ti 
mineral level of the medium had no effect; xanthine was inhibitory at 
levels above 10 7; hypoxanthine, guanosine, cytidylic acid, and yeast nucleic 
acid at levels up to 50 y per tube, nicotinamide (0.5 to 3.0 y per tube), and 
sulfuric acid-hydrolyzed casein (12.5 to 125 mg. per tube) were without 
effect. However, a mixture of 5 mg. each of fumaric, succinic, and ascorbic 
acids and sodium ethyl oxalacetate produced a definite response in growth 
rate. This was found to be due to the ascorbic acid content of the mix- 


-2°5 5 


24 HOURS | 
40- 
60- | 


MG ADOTO PER TUBE 


Fic. 2. Effect of trypsinized casein and corn steep liquor upon the rate of growth 
of Lactobacillus casei. Basal Medium BA; O, trypsinized casein; @, corn steep 
liquor solids. 


ture. As might be anticipated, the effect of this compound appears to be 
due to its reducing properties rather than to a possible specific vitamin 
effect. The growth-accelerating effect of ascorbic acid is compared with 
that of other reducing agents in Table IV. It is apparent that cysteine is 


not effective at the levels used, while thioglycolic acid is less effective than a 
ascorbic acid, and d-isoascorbic acid is equally potent. peri 


Effect of Crude Materials on Rate of Growth of Lactobacillus casei on Im- 
proved Synthetic Medium BA—Since relatively rapid growth of Lactobacillus are 


casei is attained on basal Medium BA (containing the ascorbic acid supple- lag 
ment), a careful check was made on the possible effect on the growth rate U 
of the organism when trypsinized casein, a known source of strepogenin, is Ami 


added. Growth response curves, both turbidimetric and titrimetric, for duci 
Lactobacillus casei with graded amounts of trypsinized casein and corn steep crud 
liquor were determined at varying incubation times. The tubescontaining It g} 
basal medium, ascorbic acid, and supplements were sterilized by autoclav- nutr 


HOURS 


E. L. RICKES, P. J. KOCH, AND T. R. WOOD 109 


ing. ‘Turbidities were determined after 8, 12, 14, 16, 17, 20, and 24 hours 
incubation and acid production in replicate sets of tubes after 15, 20, 24, 
36, and 45 hours. The results of these experiments are summarized in 
Fig. 2. The curves for some of the time intervals are omitted for the sake 
of clarity. In addition, the rates of growth (turbidity) and of acid produc- 
tion by the organism in the basal Medium BA without crude supplements 


tursioity / PRODUCTION 


su 
NIO 


HOURS OF INCUBATION 


Fic. 3. Rate of growth of Lactobacillus casei on basal Medium BA; no supplements 
added. 


% LIGHT TRANSMITTED 


600i 6002 0003 0004 
¥ BIOTIN OR PTEROYLGLUTAMIC ACID PER TUBE 


MG OL~ SERINE PER TUBE 


Fic. 4. Growth response of Lactobacillus casei to biotin, pteroylglutamic acid, 
and pi-serine. Basal Medium BA minus the compound tested; 17 hour incubation 
period. 


are plotted in Fig. 3. It is of interest that there is only about a 3 hour 
lag between turbidity and acid production. 

Use of Improved Lactobacillus casei Medium (BA) As Basal Medium for 
Amino Acid and Vitamin Assays—Medium BA gives constant and repro- 
ducible rapid growth which is not appreciably affected by the addition of 
crude materials likely to contain ‘“‘non-specific’ stimulatory substances. 
It should, therefore, be well suited, upon the omission of the appropriate 
nutrient, for the rapid and accurate assay of those vitamins and amino 
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acids required by Lactobacillus casei. A tew tests along these lines were 
carried out. Growth response curves (17 hour turbidity) for pL-serine. 
pteroyiglutamic acid, and biotin are illustrated in Fig. 4. Similar curves 
were obtained by titrating the acid formed after 22 hours. While we have 
not had the opportunity to carry out assays of various source materials 
for comparison with literature values, it is felt that the present method 
should prove satisfactory, since the standard curves shown in Fig. 4 are 
highly reproducible. It appears probable that a more practical basal me- 
dium for assays of some of the vitamins could be developed with hydrolyzed 
casein instead of purified amino acids as the nitrogen source. 


DISCUSSION 


The chief factor limiting the rate of growth of Lactobacillus casei in a 
casein hydrolysate or amino acid medium of the usual type is presumably 
the rate of synthesis of strepogenin. It follows, therefore, that the increase 
in growth rate which is observed when additional quantities of serine, as- 
paragine, and glutamic acid are supplied to the organism is due to an in- 
crease in the rate of strepogenin synthesis. These amino acids may fune- 
tion directly as precursors of strepogenin; glutamic acid and possibly serine 
have been postulated as components of the strepogenin molecule (4). Since 
DL-serine was employed in the present work, the possible réle of p-serine 
remains to be investigated. Evidence presented previously (1) indicates 
that there is a close metabolic relationship between asparagine and strepo- 
genin; asparagine may represent a component of the strepogenin molecule 
or alternatively may serve as an amide donor. ‘The latter interpretation is 
consistent with the observation that mild acid hydrolysis destroys strepo- 
genin activity in the absence of added asparagine, but is without effect 
when the amide is supplied to the organism (1). 

The effectiveness of l-ascorbic acid and d-isoascorbic acid in further in- 
creasing the rate of growth of Lactobacillus casei is presumably due to their 
reducing effect. It appears unlikely that an appreciable fraction of the 
growth stimulation produced by the addition of trypsinized casein to the 
original medium can be attributed to a similar effect, since the amounts 
added are small. 

The 17 hour growth response curve for pi-serine (Fig. 4) is of interest, 
in that the stimulatory effect of this amino acid under these conditions is 
not observed until amounts substantially larger than the requirement for 
full growth upon prolonged incubation are added. Thus, 2 mg. per tube 
are adequate if growth is allowed to proceed for 72 hours, whereas about 7 
mg. per tube are required for an optimum rate of growth. It is possible 
that serine plays two distinct réles in the nutrition of Lactobacillus caset: 
its direct utilization as a cell protein component and also as a possible 


precursor of strepogenin. 
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Some difficulty has been reported in the use of Lactobacillus casei for 
microbiological assays because of the effect of non-specific stimulatory sub- 
stances on the growth of the organism (5). It is believed that improve- 
ment of basal assay media along the lines indicated in the present paper 
would resolve these difficulties to a considerable extent. 


SUMMARY 


A chemically defined complete medium has been developed which permits 
the rapid growth of Lactobacillus casei. Essentially maximum turbidity 
jis obtained at about 24 hours and maximum acid production at about 30 
hours. 

The organism does not grow at an appreciably more rapid rate when 
trypsinized casein, a known source of strepogenin, is added to the improved 
medium. 

The pronounced increase observed in the growth rate of the organism 
when the levels of asparagine, serine, and glutamic acid are increased is 
consistent with the view that these amino acids may serve directly or in- 
directly as precursors of strepogenin. Serine is stimulatory in an amount 
substantially greater than the requirement for growth upon prolonged in- 
cubation. 

The improved medium, upon omission of the appropriate nutrient, is 
capable of serving as a basal medium for the rapid turbidimetric or titri- 
metric assay of substances required for the growth of Lactobacillus casei. 
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APPLICATION OF PAPER CHROMATOGRAPHY TO THE 
ESTIMATION OF SOME FREE AMINO ACIDS 
IN TISSUES OF THE RAT* 


By JORGE AWAPARA 


(From The University of Tezas, M. D. Anderson Hospital for Cancer Research, 
Houston) 


(Received for publication, October 21, 1948) 


The development of paper chromatography by Consden, Gordon, and 
Martin (1) has opened a new approach to the problem of resolving and 
detecting small amounts of substances in a complex biological mixture. 
Although this technique was originally designed for the qualitative analysis 
of protein hydrolysates, a number of publications have appeared in which 
numerous adaptations and improvements are described (2) as well as 
attempts to use paper chromatography quantitatively (3-5). 

The present work was undertaken to ascertain the applicability of this 
procedure to the study of amino acid metabolism. 


Methods 


Tissue extracts were prepared free of proteins and lipides, as recently 
described (6). Chromatographic analyses of extracts were carried out 
in accordance with the modification of Williams and Kirby (7). For 
quantitative estimation of amino acids, 0.1 ml. of extract was used, divided 
into five approximately equal small spots applied at 2 cm. intervals on 
Whatman filter paper No. 4. Chromatography was carried out for 18 
hours with redistilled phenol saturated with water. Amino acids were 
located on the chromatogram with a 0.05 per cent ninhydrin solution in 
butanol. The spots developed on the chromatogram were cut out of the 
paper, placed in test-tubes, and 2 ml. of a 1 per cent ninhydrin solution 
added. The addition of 1 ml. of a 10 per cent aqueous pyridine solution 
was found favorable. The tubes were placed on a water bath for 20 min- 
utes. Full color development was obtained at the end of this period. The 
colored solution was transferred to a 25 ml. volumetric flask, made to 
volume, and read in the Beckman spectrophotometer at 570 mu. Spectro- 
photometric readings were compared with readings obtained for known 
solutions of amino acids treated in a similar manner. 


* This work was supported in part by a grant from the American Cancer Society 
(grant No. INSTR 23). 
113 


114 ESTIMATION OF AMINO ACID IN TISSUE 


EXPERIMENTAL 


Fig. 1 indicates that the four fractions found in rat liver fall within the 
range of aspartic acid, glutamic acid, glycine, and alanine. Other amino 
acids were present in lower concentrations and a quantitative estimate 
was impossible. It can be observed that aspartic acid and glutamic acid 
are free of interference from any of the amino acids under study. Glycine 
is shown to be well separated from threonine and to overlap slightly taurine 
and serine. Below the alanine spots are shown ten amino acids which do 
not interfere with any of the four fractions found in rat liver extracts. 
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Fic. 1. Paper chromatogram of known amino acid solutions and rat liver extract 


Possible interference from peptides, glutamine, and asparagine was 
taken into consideration. The presence of peptides in any of the four 
fractions was ruled out by elution of the individual fractions followed by 
acid hydrolysis (8). No changes were observed upon chromatography of 
the hydrolysates. Asparagine was shown to have the same FR, value as 
glycine. The presence of asparagine was ruled out by the failure to 
demonstrate aspartic acid upon hydrolysis of the glycine fraction. Glu- 
tamine, which moves at the same rate as alanine, in the chromatogram, is 
converted into pyrrolidonecarboxylic acid during the extraction procedure. 
The latter compound does not interfere, as it does not appear in the chromat- 
ogram. 

The reproducibility of the method was shown by analysis of an alanine 
solution containing 100 y of amino nitrogen per ml. The results of twenty 
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separate determinations showed an average of 103 y of amino nitrogen, 
with a coefficient of variation of 5 per cent. 

Paper chromatography, in its present state, offers numerous possibilities 
as 4 quantitative method in the study of amino acid metabolism. In this 
laboratory it has been used in studying the effect of adrenalectomy on the 
amino acid distribution in liver. It has also been found of great value in 
demonstrating the conversion of histidine to glutamic acid by the action of 
rat liver extracts. Table I shows the relative concentration of aspartic 
acid, glutamic acid, glycine, and alanine in normal rat liver. Extension of 


Taste 
Distribution of Amino Acid Nitrogen in Some Fractions of Liver 


— 


Amino acid nitrogen per gm. fresh tissue 


Aspartic acid Glutamic ac id Glycine Alanine 

7 7 7 7 

57 SO S6 

2 47 77 100 120 

3 6S 64 150 SS 

4 43 62 120 74 

5 61 S5 68 

6 56 SD 78 

7 72 92 110 70 

Ss 4s 45 100 60 

46 vO S2 

10 A oA 95 70 

Average.... 53.9 61.7 101.0 79.3 


this procedure to kidney, spleen, heart, and skeletal muscle indicates 
that the same four amino acids exist in these tissues in similar concen- 
trations. 


SUMMARY 


Paper partition chromatography has been applied to the estimation of 
some amino acids present in rat liver extracts. The presence of glutamic 
acid, aspartic acid, glycine, and alanine has been demonstrated. A 
quantitative estimation of these fractions was made possible by spectro- 
photometric analysis of the colored solution produced by ninhydrin. 
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STUDIES ON THE PREPARATION OF SOY BEAN PROTEIN 
FREE FROM PHOSPHORUS 


By L. L. McKINNEY, W. F. SOLLARS,* ano FE. A. SETZKORN 
(From the Northern Regional Research Laboratory,t Peoria, Illinois) 


(Received for publication, October 21, 1948) 


It is well known that the properties and nitrogen content of isolated 
soy bean protein vary with the method of preparation (1-3). The present 
study was undertaken for the purpose of determining the phosphorus con- 
tent of soy bean protein prepared by various known methods and to find a 
method of isolating phosphorus-free soy bean protein suitable for funda- 
mental studies. 

Averill and King (4) determined the phytin phosphorus content of 
several varieties of soy beans, and found a variation from 0.505 to 0.727 
percent. Earley and DeTurk (5) pointed out that the phytin content of 
corn increased during maturation. Earle and Milner (6) attributed ap- 
proximately 80 per cent of the total phosphorus in the Dunfield variety of 
soy beans to phytin. Spitzer and Phillips (7) reported that phytin phos- 
phorus in samples of solvent-extracted and screw-pressed soy bean meal 
(variety not given) accounted for only 58 per cent of the total phosphorus. 
Fontaine, Pons, and Irving (1) were the first to point out the importance 
of phytin as an impurity in seed protein preparations. It was shown that, 
when proteins were peptized from seed meals at a definite pH and later 
precipitated by adjusting the pH to the isoelectric region, a predictable 
amount of phytic acid phosphorus would be precipitated with the protein. 
Evidence was presented which suggested the formation of a protein-phytic 
acid complex, the dissociation of which depended somewhat on pH and 
solubility. It was also shown that the phosphorus content of isolated 
protein preparations was practically independent of their ash content. 


Materials and Methods 


Beans—Except for pilot plant studies, Illini soy beans, 1943 crop, were 
used throughout this study. The beans were cracked, dehulled by forced 
air separation, and flaked to a thickness of 0.005 to 0.007 inch in prepara- 
tion for oil extraction. Prior to removal of the oil, the flakes contained 
7.00 per cent nitrogen and 0.585 per cent phosphorus, 4.5 per cent of which 
was inorganic phosphorus. To insure against loss of significant phos- 


* Present address, Purdue University, Lafayette, Indiana. 
t One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 
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phorus by dehulling the beans, the seed parts from a separate sample 
were separated by hand and analyzed for phosphorus. The percentage of 
total phosphorus attributed to each part of the bean was hulls 1.65, em. 
bryo 2.60, cotyledons 95.75. Oil was extracted with a Soxhlet extractor, 
During the course of the investigation, extractions were made with hexane, 
absolute and 95 per cent ethanol, diethyl ether, dioxane, methyl! and ethyl 
formate, and an 80:20 benzene-alcohol mixture. In no case could the 
removal of phytic acid phosphorus be detected. Hexane-extracted dehulled 
flakes contained 9.08 per cent nitrogen and 0.742 per cent phosphorus. 

Total Phosphorus—The sample was digested with sulfuric, nitric, and 
perchloric acid essentially in accordance with the method of Gerritz (8), 
Phosphorus was then determined colorimetrically, as described by Truog 
and Meyer (9). Since the isolated proteins were free from inorganic 
phosphorus and contained only a small amount of phosphatide phosphorus, 
it was assumed that the phosphorus found was primarily of phytin origin. 

Inorganic phosphorus was determined by the method of Earle and 
Milner (6). 

Nitrogen was determined by the Kjeldahl-Gunning-Arnold method, by 
using a mercury catalyst and a 1 hour digestion after it had become clear. 
By digesting soy bean protein preparations for periods up to 7 hours, 
Smiley and Smith (2) have shown that a digestion period of 1 hour is suf- 
ficient to recover all of the nitrogen. All analytical determinations are 
reported on a moisture-free basis. Corrections for ash have been made 
only where indicated. 

Preparation of Protein—-With the exception of variations noted under 
“Experimental,” the following procedure was employed to isolate protein 
from the oil-free meal. The protein was peptized from the flakes or 
leached flakes by suspension in 20 parts by weight of the desired solvent, 
the mixture being stirred for 1 hour with a motor-driven stirrer. The 
clear extract was then removed by centrifuging for 6 minutes at approx- 
mately 2000 X g. The residue was taken up with the same quantity of 
dispersing solution as used in the first extraction and the procedure re- 
peated. A third extraction was carried out in the same manner. The 
three successive extractions were made to insure removal of as much pro- 
tein as possible with the particular dispersing agent being used. The 
procedure for recovering the protein from the combined extracts depended 
upon the dispersing agent. In extractions with water or alkaline solutions, 
the preparation was precipitated by adjusting the pH to the point of 
minimum solubility, followed by centrifuging. The curd was then washed 
free from excess salt by suspension in water and centrifuging. When salts 
were used as the dispersing agent, the extract was placed in a cellophane 
bag and dialyzed at 5° until free from salt. Unless otherwise stated, the 
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protein preparation was recovered from the dialyzer contents by adjusting 
the pH to the point of minimum solubility of the protein. The procedures 
used for recovering protein from extracts of organic dispersing agents are 
described under Experimental.” 


EXPERIMENTAL 


Water or Alkali Peptization and Acid Precipitation —The most economical 
method of isolating soy bean protein from the oil-free meal is that of 
extracting with water or dilute sodium hydroxide, clarifying the extract by 
centrifugation, and precipitating by adjusting the pH to the region of 
minimum solubility with acid. The results listed in Table I are representa- 
tive of preparations isolated by this procedure. The pilot plant run in- 
volved only a single extraction with a solvent to meal ratio of 20:1. De- 
tails of the pilot plant operation are reported elsewhere (10). 

In general, the phosphorus contents of the isolated protein preparations 
were those predicted from the peptization curves of Fontaine et al. (1). 
For example, when extractions were made at pH 6.6, 87 per cent of the 
phosphorus would be expected to combine with 82 per cent of the protein, 
and when extractions were made at pH 9.5, 82 per cent of the phosphorus 
would be expected to combine with 92 per cent of the protein. Also, 
precipitations made at pH 5.0 would be expected to contain approximately 
45 per cent of the total phosphorus. 

During the pilot plant operations, it was noted that the solid cake which 
collected in the centrifuge bowl during clarification of the alkaline extracts 
contained from 1.47 to 2.48 per cent phosphorus (5 to 9 per cent phytic 
acid (P X 3.55). By employing Anderson’s method (11), barium phytate 
was readily isolated from this material, substantiating an earlier report (1) 
that part of the cloudiness observed in soy bean protein extracts is at- 
tributable to phytin. 

Leaching Soy Bean Meal with Acids at pH 4.2——The practice of leaching 
solvent-extracted soy bean flakes with aqueous solutions adjusted to the 
isoelectric region of the protein prior to extracting the protein has for its 
main purpose that of inhibiting the “browning reaction.”’ For this reason, 
the acidity is preferably obtained with sulfur dioxide (12, 13). Other 
desirable properties for “‘protein’’ prepared in this manner have been 
claimed (14). 

In his early work, Anderson (11) used 0.2 per cent hydrochloric acid 
solution to leach phytin from seed meal. However, he learned that 
phytase remained active in concentrations of less than 1 per cent acid 
and prevented the isolation of a crystalline phytate. Since the concentra- 
tion of acid required to maintain a pH of 4.2 in the presence of soy bean 
meal is of the order of 0.2 per cent, it was desired to investigate the re- 
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moval of phosphorus by leaching at the pH of minimum solubility of the 

in. The results are shown in Table Il. Leaching removed nearly 
one-third of the total phosphorus. Protein prepared from the leached 
meal by extracting with sodium hydroxide at pH 10 contained 0.67 per cent 
phosphorus and 15.56 per cent nitrogen. The amount of phosphorus re- 
moved by leaching agrees closely with the peptization curves of Fontaine 
et al. (1), which show 27 per cent of the phosphorus and 9 per cent of the 
nitrogen to be soluble at pH 4.2. 

Leaching the curd precipitated from an alkali extract with 0.5 N tri- 
chloroacetic acid, followed by adjusting to pH 4.2 and washing, yielded a 
preparation of protein containing only 0.33 per cent phosphorus; however, 
the nitrogen content was low (14.50 per cent), indicating degradation. 


Taste Il 
Removal of Total Phosphorus and Nitrogen by Leaching Solvent-Extracted Soy Bean 


Leaching Solids extracted | extracted | 

Ist leach, 1 hr... | ae 4.4 17.2 
2nd “ hrs... | 1.6 6.2 
| 4.2 2.1 3.4 


Precipitation of Calcium or Barium Phytate from Alkaline Protein Dis- 
persions—The work of Fontaine et al. (1) indicated that the protein- 
phytin complex is dissociated in alkaline dispersions. If this dissociation 
occurs to any extent, it should be possible to precipitate the insoluble 
calcium or barium phytate from the dispersions. In this connection, it is 
well known that a precipitate occurs when lime is added to an alkaline 
meal extract (15, 16). Osborne and Campbell (17) reported that best 
results were obtained when barium hydroxide was used with sodium 
chloride to extract the protein from soy bean meal. 

A series of experiments was performed for the purpose of determining 
whether or not phytin could be precipitated from an alkaline protein 
extract by the addition of calcium or barium ions. Approximately 80 
per cent of the meal nitrogen was recovered in the isolated protein. 3 
per cent of the total phosphorus remained in the insoluble residue on 
extraction with 0.2 per cent sodium hydroxide and 8 per cent on extraction 
with 0.1 per cent calcium hydroxide. The nitrogen values for the isolated 
preparations varied in accordance with the severity of the alkali treatment, 


Flakes with Sulfurous Acid Solution Adjusted to pH 4.2 
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probably as a result of the loss of amide nitrogen. The results of the ex- 
periments are tabulated in Table III. For convenience, Table III is 
divided into two parts. The first part shows the results of attempts to 
precipitate barium phytate from the alkaline extracts. The small barium 
precipitate obtained in each experiment was high in phosphorus and the 


Ill 
Precipitation of Phytate from Soy Bean Meal Extract with Calcium 
and Barium lons 
Peptizing agent of Special treatment 


per per cout 


02) NaOu 97 02°) Ba(OH), added, pH 10.9; cen. 1.58 0.46 
trifuged to remove ppt. 

97 Ba(OH), added; adjusted pil 2.74 0.27 
to 9.5 and heated to SO)’; centri- 
fuged 

NaOH 10-11 Used meal after leaching with 0.5 N 2.55 0.22 


CLCCOOH ; 0.2%) added 
to alkaline dispersion; centri- 
fuged 

0.1°) NaOu 9.5 BaCl, added; stood 17 hrs. at 5°; 1.9 0.18 
centrifuged; Na,SO, added to re- 
move Ba; clarified and pptd. 

— = 9.5 5S) BaCl, added; stood 17 hrs. at 5 ; 1.52 0.32 
centrifuged; dialyzed 


0.1%), Ca(OH), 9.2 Pptd.atpH 42with HCl 

0.1% ote 9.6 Pilot plant run; pptd. with SO, 0.79 

0.2) Ba(Oll), 8.4 Curd redissolved in NaOH and re- 1.00 
pptd. 

1%) Ba(OH), Extract set 2 hrs., centrifuged 2.01 0.25 

0.1% CafOH), 9.2 0.7°% NaOH added; stood 17 hrs. at 5. 0.2 
5°, pH 11.5; centrifuged; dialyzed 

0.1% ” 9.2 Heated to 85°; centrifuged (ppt. 0.65 
) 


* Single extraction; all the others received three successive extractions. 


isolated protein contained appreciably less phosphorus than protein ob- 
tained without the barium treatment (see Table 1), indicating removal of 
phytate from the meal extract. However, the separation was not quanti- 
tative, even with an excess of barium ions present, indicating that not all of 
the phytate was free. The second part of Table III reveals that, when 
protein is extracted with either lime or barium hydroxide and precipitated 
in the normal manner, the protein may be expected to contain 0.8 to 1.00 
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per cent phosphorus. In other words, phytin does not remain with the 
insoluble residue upon filtering the meal extract. The fact that the addi- 
tion of alkali to a lime extract produces a precipitate containing 5.60 per 
cent phosphorus indicates that the protein-phytin complex is dissociated 
to a greater extent at a higher pH, thus enabling the insoluble calcium 
phytate to be precipitated from the extract liquor. 

Mild Hydrolysis with Sedium Hydroxide—For industrial use, soy bean 
protein is ordinarily given a mild hydrolytic treatment, usually by the 
action of dilute alkali on the meal extract (14-16, 18, 19). Such a treat- 
ment enhances the adhesive strength when the protein is dispersed in dilute 
alkali for use as a paper coating binder (20). This action of dilute alkali 
is not entirely understood, but, since ammonia and hydrogen sulfide are 
liberated during the treatment, it is probable that amide and disulfide 
groups are attacked. 

A series of preparations were made to determine the phosphorus content 
after different degrees of mild alkali treatment. 100 gm. of hexane-ex- 
tracted soy bean flakes were ground in a hammer mill and extracted suc- 
cessively with 1000 and 500 ml. of distilled water. The clarified solution 
‘about 1300 ml.) was divided into 7 parts and sodium hydroxide added to 
the following respective concentrations: 0, 0.2, 0.6, 0.8, 1.0, 1.5, and 2.0 
percent. After each test solution had been digested for 17 hours at room 
temperature, the protein was precipitated at pH 4.2 with hydrochloric acid 
and the curd washed twice with water. 

Nitrogen values for the series varied from 15.98 per cent for the un- 
hydrolyzed to 14.60 per cent for the sample hydrolyzed with 2 per cent 
sodium hydroxide solution. The phosphorus contents for the series are 
shown in Fig. 1, indicating further that the protein-phytin complex is 
broken up to a greater extent by stronger alkali. 

When protein containing 0.75 to 1.00 per cent phosphorus was dissolved 
in sodium hydroxide solution at pH 11.0 to 11.5, a slimy precipitate re- 
mained which was removed by centrifuging at 2000 XK g. This precipitate 
invariably contained from 2 to 5 per cent phosphorus, 3 to 7 per cent 
nitrogen, and gave a strong Molisch test. The resulting protein (dry, 
ash-free basis) contained less phosphorus (0.3 to 0.5 per cent) and 14.6 
to 15.2 per cent nitrogen. 

Peptization with Organic Solvents—To determine whether or not organic 
solvents would peptize protein in preference to phytin, a number of ex- 
iractions were made and the protein isolated. The recovery of the protein 
from organic solvents is not an entirely satisfactory process. From formic 
acid three procedures were followed: (a) dilution to 5 volumes and neu- 
tralization to pH 4.2 with cold 20 per cent sodium hydroxide, and redis- 


 wlving and reprecipitating the curd twice, washing well each time to 


2 
5 
ob- 
of 
nti- 
l ol 
‘hen 
sted 


124 PREPARATION OF SOY BEAN PROTEIN 


obtain protein free of salt (sodium formate); (6) dilution to 2 volumes and 
addition of 1 x trichloroacetic acid to precipitate all the protein, taking up 
the protein with water and adding sodium hydroxide to pH 4.2, and finally 
redissolving and reprecipitating the curd twice with thorough washing to 
remove the salt; (c) addition of 6 volumes of acetone to the formic acid 
extract to precipitate the protein, washing well with acetone to remove 
formic acid. 

Protein was recovered from the formamide extract by dilution and ad- 
justing the pH to 4.2. From acetic acid, the trichloroacetic acid method 
described above was used. 


CONCENTRATION OF NeOH SOLUTION , PERCENT 


Fic. 1. Phosphorus contents of preparations of protein from meal extracts which 
had been digested for 17 hours in various concentrations of sodium hydroxide. 


The phosphorus contents of protein preparations extracted from the 
meal with anhydrous organic solvents are reported in Table IV. 

An average yield of 80 per cent of the nitrogen in the meal was obtained 
as protein (N = 15.16 per cent) with formic acid in the three experiments 
carried out. Both acetic acid and formamide gave approximately 20 per 
cent yields. Formic acid gave a dark brown extract and a white residue 
containing 0.30 per cent phosphorus. Attempts to decolorize the extract 
with activated carbon failed because efforts to remove the peptized carbon 
were unsuccessful. 

Protein obtained from the formic acid extract by neutralization with 
sodium hydroxide repeatedly contained very little phosphorus. Analysis 
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of the formic acid extract showed the presence of 90 per cent of the total 
phosphorus; therefore, if all of the phosphorus in the extract had reacted 
with the protein, the protein would have contained 0.95 per cent phos- 
phorus. Since the major portion of the phosphorus combined with the 
protein upon precipitation with acetone, it becomes obvious that the pres- 
ence of the large amount of salt produced upon neutralizing the formic acid 
was a factor in the recovery of protein substantially free of phosphorus. 

Dissociation of Protein-Phytin Complex with Salts—Further evidence of 
the dissociation of the protein-phytin complex by salts was contained in 
the observation that, when soy bean protein, suspended in aqueous 2 M 
sodium acetate, was acetylated by passing ketene into the suspension, the 


Taste IV 


Phosphorus Content of Protein Preparations Extracted from Soy Bean Meal with 
Anhydrous Organic Solvents 


Peptizing agent Pptn. method P — in 
per cent 
87% HCOOH... Dilute; neutralize to pH 4.2 0.04 
87% * add 1.0 ~ Cl,CCOOH to pH 1.0 0.16 
87%, os | Add 6 volumes acetone 0.82 
CH,COOH, glacial! Dilute; add 1.0 nw ClCCOOH to pH 1.0 0.52 


HCONH, " adjust pH to 4.2 0.31 


acetylated protein contained only 0.04 per cent phosphorus. When pro- 
tein was allowed to react with formaldehyde in the absence of buffers, no 
reduction in phosphorus content was observed. When the reaction was 
carried out in the presence of 2 m sodium acetate, the phosphorus content 
was reduced from 1.0 to 0.21 per cent. 

Osborne and Campbell (17) isolated the proteins from soy beans by using 
the classical method of extracting with sodium chloride solution and pre- 
cipitating with saturated ammonium sulfate. These workers reported anal- 
yses for carbon, hydrogen, nitrogen, sulfur, oxygen, and ash, but did not 
mention phosphorus. Since their globulin fraction (glycinin) contained a 
high percentage of nitrogen, it is possible that phosphorus was absent; 
hence the reason for not reporting it. To check this point, several ex- 
tractions were made by the procedure of Osborne and Campbell. Start- 
ing with the dehulled oil meal, analyses were made at each step to deter- 
mine the percentage of total phosphorus removed in each operation. In 
general, the procedure consisted of extracting the dehulled oil flakes with 
hexane, extracting the protein from the oil-free flakes with 5 parts of 10 
per cent sodium chloride solution, removing the insoluble residue, pre- 
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cipitating the protein by adding ammonium sulfate to saturation, filtering, 
dialyzing against distilled water at 5°, redissolving the dialyzer contents, 
redialyzing, and filtering the precipitated protein. The results are shown 
in Column A, Table V. 

‘Xolumn B, Table V, contains the results of an extraction carried out ip 
the same manner as that of Column A, except that three successive ex. 
tractions were made with a solvent to meal ratio of 20:1. 

It is evident from the data in Table V that the greater portion of the 
phosphorus is left behind when the protein is precipitated with ammo- 
nium sulfate. Less than 5 per cent of the total phosphorus contained in 


\ 


Total Phosphorus and Nitrogen Removed by Various Stepa in Preparation of 
Protean by Salt Extraction and Ammonium Sulfate Precipitation 


Step in procedure ratio® 1) 5 ratic® 
A 
por pr cout N per com 

Hexane extract 1.4 Trace 2.3 Trace 
Meal residue after protein ex- 25.4 22.3 8.9 17.4 

traction 
filtrate after re. “17 

moval of protein curd 
Loss, Ist dialysis 11.9 7.7 

> 0.7 5.7 
Glycinin or dialyzer ppt. 4.6 41.2 4.2 39.9 

Totalt 85.7 63.5 97.3 57.3 


* Solvent to meal. 

t Of the dialyzer content, only the precipitate (glycinin) was analyzed. Con- 
siderable nitrogen and some phosphorus remained in solution. The presence of am- 
monium sulfate precluded Kjeldahl! analysis of each step; hence the large amount of 
nitrogen not accounted for. 


the oil meal appeared in the glycinin. One-fifth of this phosphorus was 
extracted with 80:20 benzene-alcohol, indicating the presence of phosphs- 
tides. The particular glycinin preparations reported in Table V still 
contain a small amount of phosphorus. However, these may be consid- 
ered to be crude when compared with Osborne’s preparations. For ex- 
ample, where 41.2 and 39.9 per cent of the total nitrogen were obtained 
as protein by us, he recovered approximately 21 per cent in one experiment 
and 12 per cent in another. He further purified his “crude” protein by 
dissolving it in brine, filtering, and redialyzing. The best product ob- 
tained by our use of this technique is described as follows: Yield (per 
cent N) 27.7; N = 16.80; P = 0.04 per cent (dry, ash-free basis). 
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To investigate further the dissociation of the protein-phytin complex by 
salts, a series of experiments was performed in which the protein curd, ob- 
tained by extracting with 0.1 per cent aqueous sodium hydroxide and pre- 
cipitating with acid at pH 4.3, was leached with a saturated solution of 
sodium sulfate. The procedure was as follows: The wet protein curd was 
extracted three successive times by stirring for | hour with 10 parts of 
saturated solution of sodium sulfate, based on the weight of the solvent- 
extracted flakes; the pH during the sodium sulfate extraction was varied 
with either hydrochloric acid or sodium hydroxide, as required; the leached 
curd was finally dialyzed against distilled water at 5° to remove the salt. 


VI 


Removal of Total Phosphorus by Leaching Protein Curd with Saturated Sodium 
Sulfate Solution 


P removed 
Step in procedure 
A K 
per per cont per cons 
Filtrate from NaOH extraction and acid pptn. 25.7 27.0 25.7 
Insoluble residue from NaOH extraction 4.1 8.2 4.1 
NagSO, leachings of curd* 41.4 38.3 57.3 
Dialyzed protein (dialyzer ppt.) 15.6 8.7 3.2 
Loss by dialysis (by difference) _. 13.2 17.8 9.7 
Total . 7 100.0 §=100.0 100.0 
& P in dialyzed protein 0.32 0.165 0.08 


* Leached with saturated Na,;SO, at pH 2.2 (Column A), pH 7.0 (Column B), pH 
1.5 (Column C). 


70 per cent of the meal nitrogen was recovered as protein. The amount of 
phosphorus removed by the various steps in these experiments is shown in 
Table VI. Columns A, B, and C contain the results of leaching at pH 2.2, 
7.0, and 11.5, respectively. The higher phosphorus content of the protein 
prepared by leaching the curd with saturated sodium sulfate at pH 2.2 is 
significant ; however, the differences noted at pH 7.0 and 11.5 appear to be 
more a function of technique than of difference in pH. Preparations ob- 
tained by leaching at pIl 7.0 contained as little as 0.05 per cent phosphorus 
if the curd was stirred vigorously during the sodium sulfate extraction. 
Vickery (3) extracted the protein from petroleum ether-extracted soy 
bean meal (Illini) with saturated sodium chloride solution, clarified thor- 
oughly, and dialyzed to obtain a preparation high in nitrogen (16.9 per 
cent) and low in ash. His experiment was repeated during this study and 
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a product containing only 0.12 per cent phosphorus was obtained, indicating 
that sodium chloride in high concentration is effective in removing phytin. 

Another method (2) often used for preparing soy bean protein is that of 
extracting the oil-free meal with 5 to 10 per cent saline solution, clarifying 
the extract, and dialyzing. The data in Table V do not indicate whether 
the removal of phosphorus is attributable to the saline extraction, to the 
ammonium sulfate precipitation, or to both. To elucidate this point, a 
number of experiments were performed by employing the simplified tech- 
nique with the hope that the precipitation step with saturated ammonium 
sulfate could be eliminated. 

These experiments were performed in triplicate and the averages are 
listed in Table VII. Dialysis was carried out against both distilled water 


VII 


Per Cent of Total Phosphorus and Nitrogen Removed in Various Steps of Extracting 
Protein with 10 Per Cent Saline and Dialyzing 


— 


Distilled water Tap water 
| P N 

per cent per cont | per cont per cons 
Residue from NaCl extraction*®.... 33.0 me. 
Dialyzed protein, pptd. at pH 5.1 53.0 | 3.4 44.6 | 932.1 
Filtrate from dialyzer.. | 9.2 2.1 
Loss by dialysis (by difference) ._. 

99.9 100.0 100.1 99.7 
NaCl extract from Ist step .... | 67.0 | 7.0 


* Single extraction with 20 parts of 10 per cent NaCl. 


and tap water as indicated. With the exception of pilot plant preparations 
(Tables I and III), distilled water was used throughout previous exper- 
ments. As shown in Table VII, a preparation obtained by dialyzing 
against tap water contained 1.00 per cent phosphorus, while that obtained 
by employing distilled water contained 0.10 per cent phosphorus. Also, 
it should be noted that the removal of phosphorus occurred during dialy- 
sis of the saline extract of the protein. 

The failure to remove phosphorus in dialyzing against tap water is at- 
tributed to the presence of divalent ions which react with phytin to render 
it insoluble. In this connection, it was observed that both phytic acid and 
sodium phytate readily passed through the cellophane casing used for 
dialysis, although calcium phytate did not. It was also noted that calcium 
phytate was not rendered soluble by dialyzing against 10 per cent sodium 
chloride. 
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In further experiments, protein was extracted from the oil-free meal with 
1 x sodium chloride solution. The clarified extract was then dialyzed 
against 1 N sodium chloride solution for 48 hours, followed by dialyzing 5 
days against distilled water at 5°. The protein was precipitated from the 
dialyzer contents by adjusting the pH to 5.1. This preparation contained 
an average of 0.05 per cent phosphorus. 

Dialyzing an alkaline extract against salt solutions gave slightly differ- 
ent results. The alkaline extract was obtained by dispersing the protein 
with 0.1 per cent sodium hydroxide solution. The combined extracts were 
clarified by centrifuging at 2000 X g, followed by filtering on a Biichner 
funnel. This gave a clear amber dispersion which was dialyzed 48 hours 
against 8 volumes of | N sodium chloride solution and centrifuged to re- 
move a slimy precipitate that hadformed. This precipitate contained 2.87 


Tassie VIII 
Total Nitrogen Found in Various Steps by Removing Phosphorus Prior to 
Extracting Protein” 


Extraction with saturated solution of 


Step in procedure 
% N in filtrate 0.81 21.59 | 54.48 
“ lost on dialyzing leached meal®.. 14.11 18.74 | 17.89 
% “in residue after alkali | 2.66 | 2.19 
“ whey after removal of protein .......... 14.50 12.83 , 5.54 
“ recovered as protein 68.08 44.18 19.60 


Pin recovered 0.11 0.12 0.30 


* By difference. 


per cent phosphorus and 5.26 per cent nitrogen. Salt was then removed 
from the extract by dialyzing at 5° for 9 days against frequent changes of 
distilled water. The pH was adjusted to 5.1 and the protein removed by 
centrifugation. The dry protein contained 0.12 per cent phosphorus and 
15.69 per cent nitrogen. 

In another set of experiments, the possibility of removing phosphorus 
from hexane-extracted flakes, prior to extracting the protein, was investi- 
gated. The procedure was as follows: The flakes were extracted with 
saturated ammonium sulfate, sodium sulfate, or magnesium sulfate. The 
extracted meal was then dialyzed at 5° against distilled water until free of 
sulfate ions. The dialyzer contents were adjusted to 0.1 per cent sodium 
hydroxide to peptize the protein and centrifuged to clarify. Two more 
alkali extractions were made to insure removal of the protein. The pro- 
ein was precipitated quantitatively by adjusting the pH to 5.1. The 
results are listed in Table VIII. It is obvious that ammonium sulfate is 
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much more efficient in precipitating the protein from the meal than either 
sodium or magnesium sulfate. The phosphorus content of protein ob- 
tained from the meal which had been extracted with saturated magnesium 
sulfate was lower than expected, based on previous experience with tap 
water. The isolated protein obtained from the meal that was extracted 
with ammonium sulfate contained appreciable phosphorus (0.10 per cent). 
Past experience would indicate that, if the flakes were ground to a flour 
prior to removal of the phytin, a more efficient extraction would result. 


DISCUSSION 


It has been shown that the phytase present in meal extracts liberates 
inorganic phosphorus over a pH range of 2.5 to 6.0 (1). The enzymatic 
liberation of phosphorus becomes especially important when protein is iso- 
lated by dialysis because of the extended time during which the enzyme 
may act. However, the evidence indicates that the removal of phosphorus 
by phytase isa minor factor. Dialysis of saline extracts against tap water 
repeatedly failed to remove phosphorus in quantities comparable to that 
removed when the extracts were dialyzed against distilled water. It is, 
however, possible that inorganic phosphorus was liberated and rendered 
insoluble by the calcium in tap water. The fact that a saturated solution 
of ammonium sulfate was effective in extracting phosphorus from the wet 
protein curd or from the oil-free meal, while distilled water was not, would 
appear to exclude the enzymatic liberation of phosphorus as a major factor. 

Phytin appears to be associated with native protein by a salt-labile link- 
age. When the protein-phytin complex is dissociated, it is possible to re- 
move the phytin by dialysis. 

Phytin is removed from the wet protein curd, obtained by alkali extrac- 
tion and acid precipitation, by slurrying with a saturated solution of sodium 
or ammonium sulfate. In this case the protein is not dispersed, yet the 
phytin is removed. In an experiment in which protein was dispersed at 
pH 8 in 100 ml. of water containing 100 gm. of ammonium nitrate and 
dialyzed against tap water, no phosphorus was removed. 

A thorough study of the properties of phosphorus-free protein was not 
made. However, during the course of the investigation certain obser- 
vations were noted. Alkaline dispersions of the phosphorus-free protein 
appeared to exhibit greater clarity. Plastic disks molded from this prod- 
uct failed to exhibit the cloudiness noted in ordinary soy bean protein 
disks. After dialyzing a sodium chloride extract of meal against distilled 
water, only 30 per cent of the protein precipitated in the dialyzer (pH 6.0) 


and the remainder (excepting the soluble albumin fraction) was precip _ 


tated by adjusting the pH to 5.1. When tap water was used, 90 per cent 
of the globulin fraction precipitated in the dialyzer. Also, when phytin 


was removed from the meal prior to alkali extraction, the protein wa — 
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precipitated quantitatively from the alkaline extract by adjusting the pH 
to 5.1. Ordinarily it is necessary to adjust the pH to 4.2 before the protein 
will be precipitated quantitatively. It is indicated, therefore, that both 
the pH of minimum solubility and possibly the micellar size of the protein 
are altered by removing the phosphorus. 

Phytin slowly dissociates from soy bean protein in alkaline dispersions 
at pH 11.0 to 11.5 and may be removed by centrifugation. The precipitate 
contains phytin, together with protein and carbohydrate material. The 
presence of calcium or barium hydroxide in such dispersions appears to 
facilitate precipitation. Therefore, a commercial method of preparing soy 
bean protein of low phosphorus content is indicated. 

For fundamental studies, protein is ordinarily extracted with “mild al- 
kali” (pH 8.0 to 9.0) to minimize the amount of degradation. When pre- 
cipitated with acid, such a preparation may be expected to contain the 
maximum amount of phosphorus (approximately 1.0 per cent). Phytin 
was removed from such extracts by dialvzing against | N sodium chloride 
solution. 


SUMMARY 


The phosphorus content of soy bean protein is shown to be dependent 
on the method of preparation. Protein was prepared substantially free 
from phosphorus by methods that would not be expected to degrade or alter 
the protein. 

Substantially all of the organic phosphorus contained in soy bean protein 
obtained by alkali extraction and acid precipitation behaved as if it were 
phytin phosphorus and was removed by dialyzing the wet curd against | N 
sodium chloride solution or by extraction with a saturated solution of 
ammonium sulfate, followed by dialysis to remove the salt. 

Phosphorus-free soy bean protein, suitable for fundamental studies, was 
prepared either by removing the phytin from the oil-free meal prior to ex- 
tracting the protein or by dialyzing the protein extract against 1 N sodium 
chloride. 


The presence of divalent ions inhibited removal of phytin by dialysis or 
leaching. 


The authors are indebted to Cecil H. Van Etten and Mary B. Wiele for 
many of the phosphorus determinations, and to Allan K. Smith for valu- 
able suggestions made during this investigation. 
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THE SYNTHESIS OF TRICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION IN PARSLEY ROOT PREPARATIONS* 
By JOSEPH CEITHAML ano BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, October 22, 1948) 


The presence of oxalosuccinic carboxylase and isocitric dehydrogenase 
has been reported in pig heart and pigeon liver preparations (1-4). These 
enzymes have been shown to be involved in the over-all reaction (¢), which 
is the sum of the two reactions (a) and (). 


(a) a-Ketoglutarate™” + CO, = oxalosuccinate™ + H* 
(b) Oxalosuccinate™ + TPNiea + H* = isocitrate™ + TPNos. 
(c) a-Ketoglutarate + CO, + = isocitrate + 


These reactions have been studied in animal tissues by spectrophotometric 
and chemical means (1-4) as well as by techniques involving the use of 
radioactive carbon (5). 

The biochemical significance of tricarboxylic acid formation by this 
route and the historical development of the subject have been discussed by 
Ochoa (3), who has also provided detailed information about these reac- 
tions as they are catalyzed by an enzyme preparation obtained from pig 
heart. 

We have previously reported the presence in parsley root of similar 
enzyme systems (6), and the evidence for this conclusion will be presented 
in this communication. 


EXPERIMENTAL 
Materials and Methods 


The enzyme material used in these studies was a lyophilized sample of a 
partially purified parsley root preparation (7). This preparation was ob- 
tained by treating expressed parsley root juice alternately with acetate 
buffer at pH 5.0 for several hours and then with dialysis against 0.025 m 
phosphate buffer at pH 7.4 for 24 hours. Inactive precipitates formed dur- 
ing the course of these treatments and were discarded. The dialyzed 
preparation was lyophilized. This lyophilized material was shown to 
contain oxalacetic carboxylase, malic dehydrogenase, oxalosuccinic car- 


* This work was supported in part by grants from the John and Mary R. Markle 
Foundation and from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the 
University of Chicago. 

' Triphosphopyridine nucleotide. 
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boxylase, and isocitric dehydrogenase. On the other hand, aconitase and 
fumarase were absent. 

Aconitase was prepared by the method described by Ochoa (3). Pigeon 
liver enzyme was a dialyzed extract of acetone-dried pigeon liver powder 
described by Evans et al. (8). The a-ketoglutaric acid was prepared ae- 
cording to Neuberg and Ringer (9). A sample of barium oxalosuccinate 
was generously provided by Dr. S. Ochoa. It was prepared for use by 
the procedure described by him (1). Adenosine triphosphate (ATP) was 
furnished by Dr. J. Speck. TPN was prepared from beef liver by a modi- 
fication of the method of Warburg et al. (10). Various preparations ranging 
in purity from 18 to 78 per cent were employed. The purity was calculated 
after reduction of the TPN by Zwischenferment and glucose-6-phosphate 
from the equation (11): 


1.3 X 10’ sq. em. per mole 


pL-Isocitric acid was prepared by the method of Fittig and Miller (12-15). 
One sample, employed in the first experiments, was provided by Dr. 8. 
Grisolia. It consisted almost entirely of the lactone, and was hydrolyzed 
before use. A second sample, used in the later experiments, was almost 
free of the lactone. This sample, which was free of citric acid, was tested 
for d-isocitrate in two ways, (a) by its conversion in the presence of aconi- 
tase to citrate which was then determined colorimetrically (16), and (b) by 
its oxidation with pyruvate in the presence of pigeon liver enzyme, Mn*, 
and TPN (17), whereby | mole of CQ, is obtained for each mole of iso- 
citrate present. By both of these methods it was found that 45 to 50 per 
cent of the material was biologically active; 7.¢., was presumably d-isocitric 
acid. 

Standard Warburg manometric techniques were employed. The pro- 
cedures used with C™ have previously been described (5).  Spectro- 
photometric measurements were made with a Beckman model DU instru- 
ment. 


Decarboxylation of Oxalosuccinic Acid 


Experimental evidence for the catalysis of the decarboxylation of oxalo- 
succinic acid (OSA) by a heat-labile enzyme found in parsley root has 
already been published (6), and the dependence of the enzyme on a divalent 
cation such as Mn** has been shown. The experimental conditions em- 
ployed in these studies were very similar to those described for the assay of 
oxalacetic (OAA) carboxylase in the same type of preparation (7), except 
that lower temperature and lower Mn** concentrations (20° instead of 30° 
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and 5 X 10-*m in place of 1 Mn**) were used in the studies 
involving OSA, in order to decrease the value of the blank; in addition, an 
atmosphere of N, was employed in place of air. The decarboxylation of 
OSA shows first order kinetics with respect to substrate, just as is exhibited 
by OAA carboxylase of plants (7). The net first order reaction rate con- 
stant per mg. of protein, & per mg., when calculated as described for OAA 


carboxylase, 


OS 
— kof blank 


As 


mg. 


was found to be 0.113 min.’ mg.~' in the experiment already described 
(6). This value may be regarded as typical of several such values obtained 
with similar parsley root preparations. One cannot properly compare the 
reaction rate constants for OSA carboxylase with those obtained for OAA 
carboxylase, because of the different conditions employed in the two test 
systems. It is interesting that both OSA and OAA carboxylases from plant 
sources exhibit the first order kinetics, whereas the corresponding enzymes 
from animal sources apparently do not (2, 18). 

Finally, it is worth noting that it was found necessary to work in the 
absence of OQ, in order to demonstrate the enzyme. Even in the blank 
determination (heated enzyme plus Mn** or Mn** alone) appreciable O, 
consumption occurred in an atmosphere of air. This O; uptake was 
greatly accelerated in the presence of active enzyme. ‘This fact is of 
considerable practical importance, since the O, consumption is sometimes 
sufficient to obscure, almost completely, the CO, evolution. Whether it 
is of any physiological significance appears doubtful, since no O, consump- 
tion was observed in the presence of isocitrate, TPN, Mn**, and enzyme. 
The oxidative decarboxylation of OSA follows an S-shaped curve and ap- 
pears similar to the oxidations previously observed with OAA and Mn‘* 
in the presence of metmyoglobin (19). 


Exchange of C'*O, with B-Carboryl Carbon of Isocitrate 


The exchange experiments were conducted in the manner previously 
employed with pigeon liver preparations (5), except for a modification of 
the procedure used to localize the fixed isotope. 

In these experiments, a mixture of TPN, isocitrate, a-ketoglutarate, 
Mn**, and enzyme was incubated in the presence of NaHC™O,. Since only 
relatively small amounts of TPN were used, virtually no net reaction took 
place. The C" initially introduced as bicarbonate did, however, exchange 


t 
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with the 8-carboxyl carbon of the isocitrate, indicating the over-all re- 
versibility of the reaction, 


CHOH—-COO CO—COO 
| Mn** | 
TPN... + CH—COO TPNw. + CO, + CH: 
| 
CH,--COO- 
d-isocitrate a-Ketoglutarate 


As previously described, an approximate indication of the amount of 
fixation which occurs may be obtained by evaporation of an ether extract 
of the acidified reaction mixture to a dry film and determination of its 
radioactivity. Such a procedure was employed to show that no fixation 
of CO, in organic form occurred in the absence of the substrates isocitrate 
and a-ketoglutarate, and that the presence of added TPN was likewise es- 
sential. ATP alone could not substitute for TPN, but ATP in addition 
to TPN effected an increase in the exchange reaction above that which 
occurred with TPN alone (6). 

These cofactor effects have been obtained consistently. The most 
plausible explanation for the effect of ATP appears to be that it prevents 
in some way the destruction of TPN which occurred in this enzyme prepara- 
tion. It was determined that immediately after addition of TPN to the 
enzyme system, during the equilibration period before zero time, more than 
half of the added TPN disappeared. During the 3 hour incubation period 
about two-thirds of the TPN present at zero time was lost.’ 

The localization of the fixed isotopic carbon was accomplished by treat- 
ing the ether extract of the acidified radioactive reaction mixture mentioned 
above with pigeon liver extract, pyruvate, Mn**, and TPN under condi- 
tions known to effect the complete decarboxylation of isocitrate by the 
reaction, 


d-Isocitrate + pyruvate — a-ketoglutarate + CO: + lactate 


The CQ, released by this reaction was radioactive, but not all of the radio- 
activity resided in this fraction. Moreover it was found that the ether 
extracts used in these experiments possessed only about one-sixth of the 
isocitrate originally added. The radioactivity not released as CO; by 
this reaction, therefore, may be present in some product of isocitrate which 
is apparently formed during the incubation period. The nature of this 
product has not yet been determined. 

It was also shown that use of the pigeon liver enzyme in these experi- 
ments did not result in any significant incorporation of C" into the pyruvate 
added. 


2 We are indebted to Mr. Eric Conn for these determinations. 
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| to the parsley root enzyme system. 


C“O, Fization in Parsley Root Enzyme System 


| Amount of radioactivity 
Sample Dry weight per area® 
Nett Corrected} 
meg. per sq. om. | 
A. Original parsley root enzyme system 1.87 82.6 | 7,450 
deproteinized after 3 hrs. incubation (0.2 | 
ml. sample of 36 ml. total volume) 
B. Ether-soluble fraction of A (0.4 ml. sam- 5.55 497.3 | 10,590 
ple of 10 ml. total volume) 
C. Ether-insoluble fraction of A (2 ml. sam- 178 oy) eg 0 
ple of 10 ml. total volume) | | | 
D. Pigeon liver system containing B, depro- 4.75 = 100.5 5, 440 
teinized after 2.75 hrs. incubation (1 ml. 
sample of 70 ml. total volume) 
E. Ether-soluble fraction of D (0.5 ml. sam- 4.72 127.3 5,090 
ple of 26 ml. total volume) 
F. Ether-insoluble fraction of D (1 ml. sam- 20.5 0 0 


ple of 60 ml. total volume) 


* Calculated by dividing the observed dry weight of the sample by 3.47, the area 
in sq. em. of the cups used for counting purposes. 

t Observed count minus the background count which was generally in the vicinity 
of 40 counts per minute. 

¢ Corrected for thick sample count and then multiplied by the factor W/(/C X 197) 
(see “‘Procedure’’) so that the resulting values are equivalent to thick sample counts 
of BaCO; prepared from the 8-carboxyl group of the isocitrate present. 


TaB_e Il 
CO, Fization in Isocitric Acid 
Amount of radioactivity 
Amount| Dry weight) ei 
of CO; Cor- 


 micro- mg. per counts s 
libers sq. cm.  permin. per min. | counts 


A. Total CO, of original parsley root | 2020| 5.6 (7720.5 125,000 | 100 
system at end of 3 hrs. incubation (as | 


BaCO;) | | 
B. 8-Carboxyl group of isocitric acid 8.7 520.4 8400 
isolated by treatment with pigeon | | 
liver system (as BaCO,) | 
C. Pyruvate carboxyl C obtained from | 7600 7.0 | 4.0) 4.5. 
pigeon liver system by yeast carboxyl- | 3 
ase (as BaCO;) | 


* Corrected both for thick sample count and for dilution by the non-radioactive 
carbonate added as a carrier. 
t 3000 microliters of d-isocitrate were calculated to have been originally added 
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The experimental results and details of the procedures of a typical ex- 
periment, one of four which have been completed, are compiled in Tables 
land II. In Table I are shown the approximate amounts of radioactivity 
found in the various fractions. 


activity of the film. 
radioactivity initially present as CO, in the enzyme system and that later 
found in the 8-carboxy! group of isocitric acid. 


Spectrophotometric Evidence for Reduction of TPN by Isocttrate and Its — 


Reoxidation by CO, and a-Ketoglutarate 
The reversibility of the reaction, 


Isocitrate + TPN... a-ketoglutarate + CO, + TPNyvea. 


can readily be demonstrated by the use of the spectrophotometric pro- | 


cedures employed by Ochoa (3) in studying the isocitric dehydrogenase of 
heart muscle. On addition of isocitrate to oxidized TPN in the absence of 
divalent cations, a partial reduction of the pyridine nucleotide occurs and 


may be measured spectrophotometrically by determining log /»/J at 340 | 


mu. If Mn** is added, the reduction proceeds virtually to completion in 
the presence of 2 XK 10~‘ m isocitrate. The reduced TPN can then be re- 
oxidized by addition of a-ketoglutarate and CO,. Moreover we have 
found that Cot can be substituted for Mn** in this system. Fig. 1 shows 
the results of such an experiment conducted in the presence of Co** and 
the same parsley root enzyme preparation as was employed in the C™ ex- 
periments. 

Although the reactions in the presence of Co** are somewhat slower than 


those observed with an equivalent amount of Mn**, we have found the | 


former preferable for use in spectrophotometric tests, since there is less 
tendency for the development of slight turbidities which frequently occur 
when Mn** is employed. 
the presence of Mn** even after removal of phosphate from the enzyme by 
prolonged dialysis. 

We have not attempted to make an accurate measurement of the equi 
librium constants of the reactions. However, since Ochoa (3) has deter- 
mined the constants for the reaction catalyzed by heart muscle, it appeared 
of interest to see whether such rough data as were available from our e&- 
periments would be in approximate agreement with his figures. This has 
proved to be the case. As an example, K may be calculated from the dats 
of the experiment shown in Fig. 1, the equilibrium reached after 60 minutes 
being employed. At this point, the ratio TPN... :TPN,.4 (as determined 
from the total amount of TPN added, and from the value of log /,// at the 
equilibrium point) = 0.5. The ratio of d-isocitrate to a-ketoglutarate (de 


These were determined by simply evapo- — 
rating an aliquot of a sample to a dry film and then measuring the radio- | 
In Table II are given the accurate determinations of | 


These turbidities have sometimes developedin | 


terI 
Ho 
onl 
Fi 
oxid 
diam 
excep 
glycy 
ryme 
wa 
add 
with 
CO, 
liter. 
Och« 
resul 
per |i 
cont 
Th 
total 


an 
he 
“ur 
jin 
by 
ul- 
red 
ata 
tes 
ved 
the 
de- 


J. CEITHAML AND B. VENNESLAND 139 


termined from total a-ketoglutarate added, total isocitrate added, and 
jsocitrate oxidized) = 1.2 K 10°*. These figures are reasonably accurate. 
However, in the absence of controlled CO, tension, (CO. + H.CO,) can 
only be roughly estimated. Such an estimate made on the basis of the 


2sr 
20r 
~ 
2 
10 
= 


9 10 20 30 40 SO 60 
MINUTES 


Fic. 1. Reversal of isocitric dehydrogenase from parsley root. Reduction and 
oxidation of TPN determined spectrophotometrically at 340 mu. Corex cells, 
diameter = 10cm. Observations made against a blank which received all additions 
except TPN. Optical density corrected for changes on dilution. 1.0 ml. of 0.1 
glycylglycine of pH 7.4, 0.1 ml. of 0.01 m cobalt acetate, 0.1 ml. of parsley root en- 
tyme (same solution as that employed in the C'* experiment), 106 » of TPN, made up 
to a volume of 2.9 ml. with HO. At zero time, 0.1 ml. of 0.007 m d-isocitrate was 
added; at 2 0.1 ml. of 0.5 Mm a-ketoglutarate; at 3,0.1 ml. of 1 « NaHCO, saturated 
with at 4, 0.2 ml. of 1 NaHCO, saturated with COs,. 


CO, + H,CO, in the added bicarbonate gave a value of 3 X 10-* mole per 
liter. 
kK (TPN,. )(isocitrate) 0.5 12 x 10? 
(TPN «4 )(a-ketoglutarate)(CO) 3x 10% 

Ochoa obtained an average of 1.3 for this figure (3). (Ochoa’s published 
result must be multiplied by 10* if the units of K are to be reciprocal moles 
per liter.) In view of the inaccuracies of our determination due to lack of 
control of temperature, CO, tension, and pH, we regard this as reasonable 
agreement. 


Procedure 


The enzyme reaction mixture contained the following components in a 
total volume of 30 ml.: 3 10° m a-ketoglutarate, 10°? pL-isocitrate, 
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2 X 10° m phosphate buffer of pH 6.7, 2.7 MnCl, 2 
ATP,9 TPN, and 95 mg. of enzyme preparation. was 
added last as a neutralized solution of NaHC™O,. The bicarbonate con- 
centration was calculated to be 10-* am, but varied considerably at the end 
of the incubation period. Incubation was conducted in a closed system at 
30° for 3 hours. Appropriate controls were also run. Aliquot samples 
were removed at zero time for isocitrate and TPN analyses. 

At the end of the incubation period, the sample was introduced, via « 
dropping funnel, into 10 ml. of 10 per cent metaphosphoric acid, and the 
system was flushed with CO,-free air into 4 ml. of 1s CO,)-free NaOH for 
15 minutes. The total amount of CO, thus collected was determined 
manometrically from an aliquot of the solution. To another aliquot a 
weighed amount of non-radioactive NasCO, was added to insure the col- 
lection of an adequate amount of BallCQ, for a thick sample count. This 
aliquot, diluted with added Na-CO,, was placed in a centrifuge tube and 
diluted to approximately 10 ml. with water. The CO, was then precipitated 
by the addition of 1 ml. of 10 per cent BaCh. The BaCO, was repeatedly 
washed with water and separated by centrifugation until the supernatan 
fluid was free of base. The precipitate was then washed with alcohol, 
transferred to an aluminum cup, and dried for counting purposes. All 
results on the radioactivity of BaCO, samples were corrected for dilution 
by the inactive carbonate which had been added. 

The acidified solution from which the C™O, had been removed was 
flushed with normal CQ, gas for 5 minutes to insure complete removal of all 
traces of CO, still remaining. To prevent foaming during this process, a 
drop of caprylic alcohol was added to the mixture. The mixture was then 
centrifuged to remove the precipitated proteins. The supernatant fluid 
contained all of the fixed radioactive C". 

A small aliquot of the supernatant fluid was evaporated to dryness and 
its radioactivity was counted. The remainder of the supernatant fluid 
was extracted continuously with ether in a Kutscher-Steudel extractor 
until all the organic acids present were extracted. It should be mentioned 
that 12 to 24 hours of extraction are needed for complete removal of the 
tricarboxylic acids from the aqueous phase. Moreover, it was usually 
necessary to reextract the first ether extract (after distillation of the ether 
and dilution and acidification of the aqueous residue) with ether again 
in order to remove contaminating salts and organic matter which had been 
carried over as an emulsion during the first extraction. Finally it should be 
mentioned that the solutions being extracted were kept cold during the 
extraction procedure by placing the extractors in Dewar flasks filled with 
ice water. This was done to reduce the transfer of water into the ether 
extracts during the long period of extraction. 
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All of the fixed C'* was present in the ether extract. The ether was re- 
moved by distillation, and the aqueous residue was neutralized and diluted 
to 10 ml. Aliquots were taken for the various analyses, and one aliquot 
was evaporated to dryness and its radioactivity determined. Radioac- 
tivity values, reported for such dried samples, were thick sample counts 
calculated in such a way that they would be equivalent to thick sample 
counts of BaCQO, prepared from the 3-carboxyl carbon of the isocitrate 
present. These values were obtained by multiplying the thick sample 
counts observed by the factor WUC X& 197), where Wo = total weight of 
the dried sample being counted, 7C = moles of isocitrate calculated to be 
present in W (from the amount initially added, assuming no destruction), 
and 197 = molecular weight of BaCQO;. Such radioactivity values are 
not as accurate as those obtained with BaCO, samples, but do serve as a 
reasonable approximation of the radioactivity present. 

The amount of isocitrate present in the ether extract was determined 
both by conversion to citrate in the presence of aconitase and the colori- 
metric determination of the citrate formed, and by oxidation with pyruvate 
in the presence of pigeon liver enzyme, as previously noted. By this latter 
procedure, the 3-carboxyl carbon of isocitrate is selectively removed. For 
this determination, 5 ml. of the ether extract (one-half of the total volume) 
were treated with 10 ml. of pigeon liver enzyme preparation, 20 ml. of 0.5 
Mu acetate buffer of pIl 5.0, 2.0 ml. of 0.1 m MnCh, 1.0 ml. of DPN? solu- 
tion (3 mg. of Schwarz DPN per ml.), 2.0 ml. of TPN (260 y), and 1.0 ml. 
of 0.2m pyruvate. The reaction mixture was incubated in a closed system 
for 2.75 hours at 30°. At the end of this time, when the evolution of CO, 
was complete, as indicated in a small pilot run in which CO, production was 
determined manometrically, the CO, was collected and analyzed for amount 
and radioactivity, as previously described. To insure adequate acidifica- 
tion of the reaction mixture for CO, collection, 0.2 ml. of 2s H.SO, was 
added at the end of the incubation period. Since there was some evolu- 
tion of CO, from the pigeon liver enzyme in the absence of added isocitrate, 
the amount of this blank was also determined manometrically, and appro- 
priate corrections were applied in the calculation of radioactivity of CO, 
actually obtained from the 3-carboxyl group of isocitrate. 

After this enzymic decarboxylation of the isocitrate and the collection 
of the liberated CO,, the reaction mixture was heated in a boiling water 
bath for 5 minutes and was then centrifuged. The resulting acid filtrate 
was neutralized and the small additional amount of precipitate which 
formed was removed by centrifugation. The neutral, deproteinized fil- 
trate was found to contain radioactivity which was completely removed by 
24 hours of continuous extraction with ether in Kutscher-Steudel extractors. 


* Diphosphopyridine nucleotide. 
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An aliquot of this ether extract (after removal of the ether by distillation 
and dilution of the residue with water) was treated with yeast carboxylase. 
The CO, which was liberated from pyruvate by this treatment was collected 
and tested for radioactivity. 


DISCUSSION 


In the absence of detailed information about the possible occurrence in 
plant tissues of a tricarboxylic acid cycle similar to that of animal tissues, it 
wems necessary to hold in abeyance any definite conclusion in regard to 
the precise function in plant tissues of CO, fixation by 8-carboxylations. 
The results obtained prove, however, that a plant preparation can form 
tricarboxylic acids by the addition of CO, to a-ketoglutarate. The genera- 
tion of reduced TPN by any suitable hydrogen donor should enable the 
process to proceed to effect the accumulation of considerable amounts of 
isocitrate (and citrate, when aconitase is present). It is worthy of note 
that the equilibrium constant of the over-all reaction (c) is not far from 
unity, indicating that only a small free energy change is involved in the 
reductive carboxylation. 


SUMMARY 


The ability of an enzyme preparation from parsley root to catalyze tri- 
carboxylic acid formation by addition of CO, to a-ketoglutarate has been 
demonstrated. A divalent cation such as Mn** or Co** is necessary for 
the reaction. In the presence of reduced TPN, the product of the initial 
fixation is reduced to isocitric acid. The over-all reaction is similar to that 
already studied in animal tissues. 
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STUDIES ON KETOSIS IN ALLOXAN-DIABETIC RABBITS 


By SACHCHIDANANDA BANERJEE ann GANGAGOBINDA 
BHATTACHARYA* 


(From the Department of Physiology, Presidency College, Calcutta, India) 
(Received for publication, October 22, 1948) 


Animals, such as rabbits (1-3), dogs (4, 5), monkeys (6), and rats (7-9), 
made diabetic by parenteral injection of alloxan, suffer from hyperglycemia, 
glycosuria, and hyperlipemia, and the diabetes resembles that produced 
by pancreatectomy. The alloxan-diabetic animals mentioned above, ex- 
cept rats (7, 8), excrete little or no acetone bodies in the urine, usually 
live for long periods without receiving any injection of insulin, and die of 
inanition and not in acidosis and coma. The rats, however, suffer from 
an early onset of ketosis and die of ketosis and coma within 7 days after 
the injection of alloxan. The longer survival of alloxan-diabetic animals 
other than rats seems to be related to the lower urinary excretion of acetone 
bodies by those animals. Thorogood and Zimmermann (5) observed that 
the severe glycosuria and high insulin requirement in alloxan-diabetic dogs 
could be markedly reduced by depancreatization. Pancreatectomy, how- 
ever, produced an immediate onset of ketosis and the animals died of 
acidosis and in coma. Greeley (10) reports that depancreatized Herbi- 
vora, like the rabbit and goat, though resembling depancreatized Car- 
nivora, like the dog and cat, differ from the latter in that there is no 
ketosis and the animals live in quite healthy conditions for long periods, 
thus resembling alloxan-diabetic animals. Thorogood and Zimmermann 
(5) suggested the existence of a second pancreatic hormone that might 
prevent ketosis and coma. 

In the present paper the effects of intravenous injection of alloxan on 
the urinary excretion of acetone bodies and sugar by rabbits have been 
investigated. The effects of partial removal of the pancreas on the uri- 
nary excretion of acetone bodies and the formation and utilization of ace- 
tone bodies by alloxan-diabetic rabbits have also been studied. 


EXPERIMENTAL 


Healthy Himalayan rabbits were fed germinated gram (Cicer arietinum) 
during the experimental period. The animals were kept in separate me- 
tabolism cages and the urine collected under toluene. The total acetone 
bodies excreted in the 24 hour output of urine were estimated by the method 
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of Behre (11). Each of the rabbits then received a single intravenous in- 
jection of alloxan (200 mg. per kilo). Hypoglycemia was prevented in 
these animals by repeated intravenous injections of glucose. The 24 hour 
urinary excretion of acetone bodies and sugar was determined for varying 
periods up to 2 weeks after the injection of alloxan. The results are given 
in Table I. 


Taste 


24 Hour Urinary Excretion of Acetone Bodies and Glucose by Rabbits Both before 
and Several Days after Injection of Allozan 


Acetone bodies (mg ) and glucose (gm.) after injection of allosas 
coe ‘ 5 | 8 | | | 
day | das) das | days = days | | | 
1 | 18.6) 22.4 51.3 7.8] 60 1.7) 2.6 1.3 15 
G./0 | 1.9 35) 4.2 40 48) 46 50 4.2 3.5 40 
2 | 0.8 0.8 0.6 3.0 25.0 193.6116.0 13.1 60 106 
G.jo |22 28! 73 10.0| 10.0 7.6 5.0 66 62 
3 A./1. 12.0 15.5] 5.0 Brerer 
G.| 0 1.4] 17 80} 3.5 3.0 
4 | A./ 0. 0.3 200.0, 208.0 seed | | 
1.6 2.2 
| A./ 1. 4.0) 272.0 | | 
1.4560 3.0 3.0 2.8 
6 | 2.1/2.4) 2.1) 18.0) 77.0 130.0 1108.0 71.0, 98.0 86 13 
0.7, 2.11 5.2) 60 6.1] 48 1.5 52 | 48 
7 | A./ 0.8 0.6, 56.4 | 151.6) 160.0 35.2) 0.0 =| 4.4) 1.3) 12 
G. 3.23.0) 35 30 2.7] 30 | 3.0 28 25 
8 | A.J LS 2.3, 15.5 | 38.7) 62.6 128.0 43.5 16.5 18.5 16.7 
2.8 56] 60 6.46 6.1) 5.3, 6.0 6.1) 5.0 
9 | A.J 12 2.0 58.0 | 124.0 Dead 
10 | 1.3) 1.30.9) 8.9) 17.0 25.4 35.8 | 10.2 2.8 1.8 1.5 
46 7.5 66 52) 55 5.0 ta) 52 


A. = acetone bodies; G. = glucose 


To determine the effect of removing the pancreas on the urinary ex- 
cretion of acetone bodies by alloxan-diabetic rabbits, about half of the 
pancreas was removed from three rabbits under ether anesthesia 8 days 
after the injection of alloxan. The 24 hour urinary excretion of acetone 
bodies by these animals, both before and after the removal of the pancreas, 
is shown in Table II. 

In all of the rabbits there was considerable increase in the urinary ex- 
cretion of acetone bodies for the first few days after the injection of alloxan, 
which fell to almost a normal level within 2 weeks. In order to find out 
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whether the decreased urinary excretion of acetone bodies was due to in- 
creased utilization of acetone bodies by the tissues of the alloxan-diabetic 
animals, three rabbits were made diabetic by injection of alloxan. When 
the urinary excretion of acetone bodies was very high, the animals were 
anesthetized with ether, and blood was collected from the femoral artery 
and the femoral vein of one hind leg. The total acetone bodies of both 
arterial and venous blood were estimated by the method of Behre (11), 
as used in the estimation of acetone bodies in urine. When the urinary 


Taste Il 


24 Hour Urinary Excretion of Acetone Bodies by Rabbits before and after Partial 
Removal of Pancreas on &th Day after Injection of Allozan 


Acetone bodies after injection of allosan, mg. 


Rabtat 
Ne i ‘ ‘ ? | “ 
day days days days days days days day» 
(6.9'16.8 198.6 1.3 25 186 165.0 148.0 51.6 4.0 1.2 
2.2 18.0 2.0 7.0 §.1 17.3 19 1.3 
(3.8/3.8 20 2.1 15.6 77.3 180.4 108.0 70.0 22.5 1.8 
Ill 
Acetone Bodies of Arterial and Venous Blood of Allozan-Diabetic Rabbita 
Days alter injection erinary Acetone bodies, per 10) cc. blood 
Arterial Venous 
| 4 151.6 32.0 
10 4.4 14.5 
2 128.0 27.8 27.1 
14 16.7 15.9 15.3 
3 12 1.5 9.1 8.5 


excretion of acetone bodies was reduced, both arterial and venous blood 
were again collected from the other hind leg, and total acetone bodies 
estimated as before. The results are given in Table III. 


DISCUSSION 


After the injection of alloxan the rabbits began to excrete increased 
amounts of acetone bodies in the urine on the 3rd day, a maximum being 
reached towards the end of the Ist week. Some animals died at this stage 
in acidosis and coma. The rabbits which outlived this critical period 
began to excrete lower amounts of acetone bodies, and towards the end of 
the 2nd week the excretion became normal. These animals lived for about 


. 
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2months. There was practically no relation between the urinary excretion 
of sugar and acetone bodies. The urinary excretion of sugar was still 
high when the diabetic rabbits began to excrete normal amounts of ace- 
tone bodies. Alloxan diabetes is characterized by the specific necrosis of 
the 8-cells of the islets of Langerhans and represents only insulin deficiency 
in the animals. From the results obtained it appears that the absence of 
insulin alone is not responsible for all of the symptoms of diabetes. Ketosis, 
particularly, is not a result of insulin deficiency alone, as can be seen from 
the fact that when the excretion of ketone bodies became normal the uri- 
nary excretion of sugar was still high. Acetonuria was not increased after 
partial pancreatectomy in the alloxan-diabetic rabbits. The claim of 
Thorogood and Zimmermann (5) that a second antiketogenic hormone is 
present in the pancreas, therefore, could not be confirmed. It seems that 
the factor or factors controlling ketosis lie in some other organ. 

The rapid rise in the urinary excretion of acetone bodies for the first 
few days after the injection of alloxan indicates that there is increased 
ketogenesis, possibly in the liver. The fall in the urinary excretion of 
ketone bodies at the end of the 2nd week may be due to either diminished 
formation of ketone bodies or increased utilization of ketone bodies. Table 
III shows that when there is increased excretion of acetone bodies the 
acetone body content of both arterial and venous blood is high, indicating 
that there is ketosis, and tissues of the alloxan-diabetic rabbits cannot 
utilize ketone bodies. The secondary lowering of ketone bodies is asso- 
ciated with lower blood acetone bodies. Here again there is no difference 
in the acetone body content of arterial and venous blood. The claim of 
Greeley (10) that Herbivora do not excrete acetone bodies is, therefore, 
not tenable in the case of rabbits. Alloxan-diabetic rabbits show ketosis 
and ketonuria at the onset of diabetes, which are, however, not permanent. 


SUMMARY 


Diabetes produced in rabbits by the intravenous injection of alloxan is 
not free from ketosis. There is an early onset of acetonuria which reaches 
a maximum towards the end of the Ist week after the injection of alloxan 
and then falls gradually until normal levels are reached. 

Glycosuria has no relation to the acetonuria in alloxan-diabetic rabbits. 
When the rabbits excrete a fairly normal amount of acetone bodies in the 
urine, the sugar content of the urine is still high. 

The decrease in acetonuria, finally reaching normal levels, is due to 4 
decrease in ketogenesis itself and not to increased utilization of acetone 
bodies by the tissues. 

The partial removal of the pancreas in alloxan-diabetic rabbits does not 
affect the course of ketosis in the animal. 
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It is suggested that the absence of insulin alone is not responsible for 
ketosis in diabetics and that ketosis is probably due to some other extra- 
pancreatic factor. 


Alloxan was kindly supplied by Hoffmann-La Roche, Inc., Basle, Switzer- 
land, through Mr. T. J. Thomson Wells of Messrs. Volkart Brothers, 
Bombay. 
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BIOCHEMICAL CHARACTERIZATION OF LYMPHOID TISSUE 
PROTEINS* 


By SIDNEY ROBERTS? ann ABRAHAM WHITEt 


(From the Departments of Physiological Chemistry, Yale University, New Haven, and 
the School of Medicine, University of California at Los Angeles) 


(Received for publication, October 25, 1948) 


The possible role of the lymphoid tissues as a depot or source of certain 
blood and tissue proteins has aroused considerable interest in the chemistry 
and physiology of these structures. The demonstration by White and 
Dougherty (1) of increased levels of serum 8- and y-globulins accompany- 
ing lymphocytic dissolution under conditions of augmented pituitary- 
adrenal cortical activity suggested that at least a portion of these proteins 
arose from the lymphocyte. Preliminary studies by these authors of saline 
extracts of rabbit lymphoid tissue revealed the presence of proteins with 
electric mobilities similar to those of serum 8- and y-globulin. Normal 
y-globulin has also been demonstrated by Kass (2) in human lymphoid 
tissue. Furthermore, in animals immunized by the intraperitoneal injec- 
tion of antigen, relatively high titers of antibody were found in saline ex- 
tracts of lymphoid tissue by Dougherty, Chase, and White (3). The 
presence of antibody in lymphocytes has been confirmed by Harris et al. 
(4) and by Mondolfo and Hounie (5). This antibody, presumably immune 
globulin, may be readily released by pituitary-adrenal cortical stimulation 
in vivo (6), and upon incubation of surviving lymphoid tissue in vitro (7). 

The function of the lymphocyte in the physiology of normal and immune 
globulins, the contribution of this cell to processes concerned with nitrogen 
mobilization in circumstances of stress, and the influence of pituitary- 
adrenal cortical secretion on the rates of these processes afford a partial 
basis for the elucidation of the réle of the lymphocyte in the normal and 
diseased organism (cf. (8)). It would seem that detailed knowledge of 
the chemical constituents of normal and malignant lymphocytes would 
contribute to a further understanding of this réle. As an initial approach 
to this problem, a study has been made of certain characteristics of the 
proteins which may be extracted from rabbit and rat lymphoid tissue, 


* A preliminary report of this study was presented at the March, 1948, meeting of 
the Federation of American Societies for Experimental Biology (Federation Proc., 
7, 181 (1948)). 

Supported by a grant-in-aid from the American Cancer Society on recommen- 
dation of the Committee on Growth of the National Research Council. 

t Present address, Department of Physiological Chemistry, School of Medicine 
University of California at Los Angeles. 
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from calf thymus, and from a transplantable lymphosarcoma of the 
mouse. 


EXPERIMENTAL 


Efficiency of Extraction of Lymphoid Tissue Proteins with Different Aqueous 
Solvents 

The goal first sought was the most efficient method of extraction of 
lymphoid tissue in terms of the fofal amount of protein present in the ex- 
tracts. It was recognized, of course, that the relative proportions of dif- 
ferent proteins extracted would vary greatly with the extraction solvent, 
and that the most efficient method as far as total protein was concerned 
need not necessarily be the most desirable for any particular protein. 


Taste I 
Comparison of Methods for Extraction of Rabbit Lymphoid Tissue* 
Total nitrogen 

Extraction solvent Organic P NP 

Per mil. extract’ Per gm. tissue 

Water... | 3.1 8.5 178 17.9 
. 4.12 11.9 213 19.3 
0.05 m NagSO,. 2.06 6.5 85 24.2 
0.02 NaCl. 1.51 4.8 115 13.1 
0.03 “* KOH. 1.43 1.9 80 17.9 
0.02 ** phosphate buffer, pH 7.5 1.70 5.7 92 18.5 


© In each instance the ratio of the extraction Guid (ml.) to tissue (gm.) was 4:1. 


Pooled rabbit lymphoid tissue (lymph nodes, thymus, and appendix) 
was obtained fresh from animals killed by the injection of air into the 
marginal ear vein. ‘The tissue, trimmed of fat and connective tissue, was 
finely minced and ground for about 15 minutes in a chilled mortar with 
washed sea sand and approximately twice its weight of extraction fluid. 
The extract was then subjected to a preliminary centrifugation to remove 
the sand and most of the tissue débris. Thereafter, the extract was cleared 
by high speed centrifugation at 15,000 r.p.m. and 5° for 30 minutes in 
the International refrigerated centrifuge. Total nitrogen analyses and 
organic phosphorus determinations were performed on the extracts by 
modifications of the micro-Kjeldahl (9) and the Fiske and Subbarow (10) 
methods, respectively. The results obtained are detailed in Table I. 

Of the various solvents tested, distilled water adjusted to pH 7.6 with 
NaOH extracted the greatest amount of nitrogen from pooled rabbit 
lymphoid tissue. An examination of the nitrogen-phosphorus ratios (N:P) 
in the various extracts revealed that a considerable amount of nucleic acid 
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or nucleoprotein was probably present in each case. As might be expected, 
the extracts made with NaCl of low ionic strength (0.02 m) contained 
relatively large amounts of organic phosphorus and were extremely viscous, 
probably due to the presence of large amounts of nucleic acids. The least 
amount of phosphorus was found in extracts made with 0.05 m Na,SO,; 
this phenomenon was earlier noted by Halliburton (11). 

It is apparent from ‘Table I that even low concentrations of salt markedly 
inhibited the extraction of nitrogen by aqueous solution. The reduction in 
eficiency was of the order of 50 per cent with sulfate, chloride, hydroxide, 
and phosphate. On the other hand, it is equally striking that adjusting 
the pH of distilled water to 7.6 with NaOH increased the degree of extrac- 
tion by approximately one-third. The relative efficiency of extraction for 
the latter solvent appeared to be so much higher than for the other aqueous 
solvents tested that it was chosen for the remainder of the work. Also of 
advantage was the fact that, even though fairly large amounts of nucleic 
acid appeared to be present, the extracts obtained with this solvent were 
comparatively clear and could be examined electrophoretically without 
difficulty. 


Electrophoretic Examination of Extracts of Lymphoid Tissue 
from Different Animals 


Mildly alkaline extracts were made essentially as described above with 
lymphoid tissue obtained from each of the following sources: pooled lymph- 
oid tissue from rabbit or rat, transplanted mouse lymphosarcoma, and 
calf thymus. All the procedures outlined were carried out at temperatures 
between 0-5°. After high speed centrifugation of the extracts, the super- 
natant material was dialyzed against two or three changes of 0.1 mM sodium 
diethylbarbiturate at pH 8.6 for a total of 72 to 96 hours. Both total and 
non-protein nitrogen analyses were made on the protein solution. The 
amount of protein present (protein nitrogen X 6.25)! varied between 2.5 
and 3.0 per cent in most instances. 

The dialyzed extracts of lymphoid tissue were subjected to electro- 
phoretic analysis in the Tiselius apparatus. All determinations were made 
in a constant temperature bath held at 4°, with 0.1 m sodium diethylbar- 
biturate at pH 8.6 (A = 3.82 X 10-* mho per cm.) as the buffer, and with 
a constant current of approximately 15 ma. passing through the cell. The 
patterns obtained when photographs were taken of the moving boundaries 
were qualitatively quite similar for the four types of lymphoid tissue studied 


‘It is recognized that this calculation may not always be acceptable for the esti- 
mation of protein. In the present study, however, the values obtained for the 
quantity of protein present agreed remarkably well, whether calculated as protein 
nitrogen X 6.25, or determined by actual weighing of the lyophilized material. 
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(cf. Figs. 1 and 2). In all cases, seven components were observed, each 
possessing a characteristic mobility. 

The presence of seven electrophoretically distinct components, each of 
which moved with a more or less definite electric mobility regardless of the 
source of the lymphoid tissue, is shown in Table II. It is interesting to 
note the occurrence of peaks which move with mobilities similar to that of 


MOUSE LYMPHOSARCOMA 


(40 MIN.) (115 MIN) (270 MIN.) 


RABBIT LYMPHOID TISSUE 


(40 MIN) (145 MIN.) (370 MIN.) 
Fic. 1 


serum albumin (Component 2), a-globulin (Component 3), a,-globulin 
(Component 4), 8-globulin (Component 5), and y-globulin (Component 7). 
It is not likely, however, that these proteins in lymphoid tissue extracts 
are identical in all cases with the corresponding serum proteins. The 


most rapidly moving component (Component 1), and possibly the next | 
most rapid (Component 2), may have been nucleic acid or nucleoprotein — 


(see below). 

Extracts of each of the four tissues studied contained two major com- 
ponents, which accounted for 60 to 80 per cent of the total protein extracted 
(Table II). These two components traveled at electric mobilities of 40 
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CALF THYMUS EXTRACT 


(40 MIN) (80 MIN) (110 MIN) 


DESC. 
(215 MIN.) (295 MIN) (415 MIN) 
2 


Taste II 
Electrophoretic Analysis of Lymphoid Tissue Extracts 


Electric mobility, 1 X 107% sq. cm. 


per volt per sec. Per cent composition 
Component No. | = Mouse | | | Mouse 
bbi l 
n i 
— 
13.6 14.1 | 11.6 13.4 3.71 1.0 0.4 
2 6.6 64/ 69 7.0 50| 3.8] 3.1) 1.4 
3 8.0! 5.0: 5.1 | 7.1) 62] 2.3 
43° 40/1/43 #42 11.0! 14.8)! 9.2! 142 
5° 3.0! 3.8 3.2 46.6' 61.1 | 70.1! 66.8 
6 23: 1.6! 2.3 2.0 10.7| 9.1! 8.2! 10.0 
7 8.0.1 0.0! 5.5| 4.9 
Protein in extract, ©; 2.8 2.7 | 2.7 2.7 


* Major components. 
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to 4.3 X 10-° (Component 4) and 3.0 to 3.8 K 10-° sq. em. per volt per 
second (Component 5), respectively. The distribution of the remaining 
protein among the other five components was also quite similar in the four 
extracts. Thus, it appears that there is a quantitative, as well as quali- 
tative, similarity among the protein components of lymphoid _ tissue, 
whether the latter is derived from rat or rabbit, from calf thymus, or mouse 
lvmphosarcoma. 


Cold Ethanol Fractionation of Calf Thymus Extracts 


Frozen calf thymus, the proteins of which appeared to be representative 
of lymphoid tissue proteins in general, was chosen for fractionation studies, 
since it was a readily available source material. The methods employed 
were similar to those developed by Cohn et al. (12) for the fractionation of 
human blood plasma. 


Taste III 
Yields and Properties of Cold Ethanol Fractions from Calf Thymus Extract 


Relative yield, pH of 0.5 per cent 


Ethanol concentration at 
Fraction precipitation - ape — solution in distilled N:P 
A 0 100.0 7.5 17.0 
B 10 19.0 6.5 11.3 
Cc 20 4.6 6.8 27.0 
D 30 4.8 6.9 20.4 
E 40 36.0 6.6 15.1 
F Supernatant at 40°) 10.5 6.3 22.3 


Extracts of the frozen tissue were made as already described. All pro- 
cedures were carried out in the cold room between 0-5°. To 1500 ml. 
portions of the crude extract was added with continuous stirring a 50 per 
cent ethanol-water mixture at the rate of 30 ml. per hour. A capillary 
tube was used for this addition. The materials insoluble at final concen- 
trations of 10 and 20 per cent ethanol were separated by centrifugation at 
2000 r.p.M. for 1 hour. The addition of ethanol to the remaining solution 
was then continued, 95 per cent ethanol being employed. Fractions in- 
soluble at 30 and 40 per cent ethanol were thus obtained, as well as a frac- 
tion not precipitated at a final concentration of 40 per cent ethanol. Each 
of the precipitates obtained by centrifugation was partially freed of ethanol 
by decanting, redissolved in distilled water, recentrifuged to remove any 
water-insoluble material, and then lyophilized. The supernatant at 40 per 
cent ethanol concentration was dialyzed against three changes of slightly 
alkaline water (pH 7.6) for 3 days, centrifuged to remove substances pre 
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cipitating during dialysis, and also lyophilized. The yields and certain 
properties of these fractions are given in Table III. The total yield may be 
calculated to be 75 per cent of the protein present in the original extract. 

Electrophoretic analysis was carried out by dissolving each of the frac- 
tions in distilled water in a concentration of 2 per cent, and dialvzing as 
described earlier against 0.1 mM barbiturate buffer. Dialyzed samples after 
centrifugation were taken for the determination of total and non-protein 


COLD ETHANOL FRACTIONS 
OF CALF THYMUS EXTRACT 


PPT 10% (B) PPT. 20% (C) PPT 30% (D) 


(135 MIN.) (115 MIN.) (175 MIN) 


PPT 4 
SUPERNATANT 40% (F) 
DESC. 


(75 MIN) (80 MIN) (180 MIN.) 
Fie. 3 


nitrogen and organic phosphorus. The patterns observed in the Tiselius 
apparatus are shown in Fig. 3. It may be noted that Fractions B, C, D, 
and E, representing the precipitates obtained with 10, 20, 30, and 40 per 
cent ethanol, respectively, each contained three major boundaries. The 
starting material (Fraction A), as well as the supernatant not precipitating 


- at40 per cent ethanol (Fraction E), each possessed varying quantities of 


the original seven components. The percentage composition of each 
fraction is given in Table IV. 
It is possible that the components in the various fractions shown in 
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Table IV do not correspond to one another exactly as represented, since 
changes in mobility of the order of 10 per cent were observed after frac- 
tionation. It is well known that the electric mobility of a protein may 
vary considerably with variations in the types and quantities of other pro- 
teins and other substances in the same solution (cf. (13)). It will be ob. 
served, however, that a partial separation of the seven components present 
in the original extract of calf thymus has been effected. The relatively 
large amounts of organic phosphorus in Fractions B and E (low N:P ratios, 
Table III) would appear to be associated with the presence of the major 
portions of Components | and 2 in these fractions (see Table IV). It may 


Taste IV 
Electrophoretic Analysis of Cold Ethanol Fractions from Calf Thymus Extract 


Electric 


Per cent composition 


Component No. Original  Ppt.10 = Ppt.20 


mobility® Ppt. 30 = Ppt. Supernatant 

2 6.6 5.0 | | 43.8 10.5 
3 | 32.9 6.0 
7 4.3 15.0 61.0 62.5 32.9 43.8 21.1 
5 3.3 46.6 30.6 34.0 34.2 42.4 30.1 
6 2.3 10.7 | 12.8 
7 1.0 11.9 17,2 
Per cent yieldf........ 100 19.0 4.6 4.8 36.0 10.5 


*1 X 10°° sq. em. per volt per second. 
t Per cent of solid material in original extract present in each fraction. Total 


yield, 74.9 per cent. 


be suggested, therefore, that these two fast components contain large 
amounts of nucleic acid, and may, indeed, represent the major portion ol 
the nucleoprotein material present in the original extract. The latter 
statement would seem to be borne out by the large N:P ratios found for 
Fractions C, D, and F (Table III). 


Biological Activity of Calf Thymus Extracts in Relation to Lymphoid Tissue 
Structure and Function 


Preliminary observations have been made on the possible biological ac- 
tivity of lymphoid tissue extracts and fractions. Results were obtained 
which indicated that substances were present in alkaline extracts of call 
thymus which were capable of causing acutely an elevation in the blood 
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lymphocyte level of the adult Sprague-Dawley rat. Further investigation 
revealed that Fraction E, precipitated by 40 per cent ethanol, was most 
active in this regard; Fraction B, precipitated by 10 per cent ethanol, was 
next in activity. ‘Thus, the average rise in total lymphocytes 1 hour after 
the intraperitoneal injection of 10 mg. of Fraction B (in distilled water) 
into three male rats was of the order of 16 per cent. Fraction E resulted 
in an elevation of 44.3 per cent under the same conditions. Distilled water 
alone had little or no effect, and the other fractions tested caused a de- 
pression in total lymphocyte count of about 10 to 20 per cent. 


Taste V 
Effect of Aqueous Extracts of Calf Thymus on Organ Weights of Adult Rats 


The results are averages, + standard deviations where indicated, and are ex- 
pressed as mg. per 100 gm. of body weight. 


Group bode | Thymus Spleen Liver | Adrenals 

Control, @..... 4 | 156 | 245413 | 5084181, 4730 | 24.9 
151 282 + 28 576 + 99 5028 27.5 
Control, 12 21 2Ml+24 366+ 37 4629 14.6 
| 6 228 | 305 + 36 4004 49 4922 15.9 
F7B,t 6 229 32435 33% +4 40 15.4 
O..... 6 | 43 Wt + 3l B64 56. 14.7 


* Initial aqueous extract; 10 mg. per day for 8 days. 
t Initial aqueous extract; 10 mg. per day for 14 days. 

$10 per cent EtOH precipitate; 10 mg. per day for 13 days. 
§ 40 per cent EtOH precipitate; 10 mg. per day for 13 days. 


In an attempt to ascertain the site of action of the active materials, ex- 
tracts and fractions of calf thymus were injected daily intoadult male rats 
over a period of 1 to 2 weeks. At the end of this time, the animals 
were sacrificed, and certain organs weighed (liver, spleen, thymus, adrenals, 
heart, kidney, testes). As Table V reveals, the most profound changes 
were found in the thymus, where significant increases in weight were uni- 
formly observed. Histological examination demonstrated the presence of 
essentially normal thymic structure. Fractions B and E were again rela- 
tively active, causing selective enlargement of the thymus, and apparently 
not affecting the spleen and other organs investigated. It will be recalled 
that these two fractions were richest in organic phosphorus content. The 
results suggest that some substance present in calf thymus, possibly nucleo- 
protein or nucleic acid, may be capable of causing thymic hyperplasia, and 
of stimulating lymphocyte production or release in the adult rat. 
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DISCUSSION 


The first detailed study of the proteins present in lymphoid tissue was 
apparently that reported by Halliburton in 1887 (11). In this remarkable 
investigation, the physical properties of aqueous extracts of cat and dog 
lymphoid tissue were carefully studied. On the basis of heat coagulability, 
solubility at different salt concentrations, and viscosity, Halliburton was 
able to demonstrate the presence of four or five different proteins in the 
extracts. With considerable foresight, he likened certain of the proteins 
present to nucleoprotein and to serum globulin. 

Mammalian lymphoid tissue, and thymus in particular, has long been 
recognized as a rich source of “animal” nucleoprotein, because of its pre- 
dominantly cellular structure. Recently, preliminary investigations on the 
fractionation of thymus nucleoproteins have been reported (14,15). Stem 
(14) has demonstrated the presence of ribose nucleoprotein in the cytoplasm 
of calf thymus tissue and desoxyribonucleoprotein in the nuclear material. 
The latter protein has been prepared in an electrophoretically and ultra- 
centrifugally homogeneous form after exhaustive extraction of the cyto 
plasmic proteins with 0.14 m NaCl. Gyjessing (15) found nucleic acid in 
fractions of the separated stroma, lymphocytes, and saline-soluble com- 
ponents of calf thymus and mouse thymoma. Inthe present investigation, 
varying amounts of nucleic acid were obtained with different aqueous sol- 


vents. The largest amount was apparently extracted with 0.02 mNaCl | 


The two fast components observed electrophoretically in aqueous alkaline 
extracts of lymphoid tissue contained the bulk of this material. A similar 
conclusion was forthcoming from the work of Abrams and Cohen (16), who 
found in aqueous extracts of human tonsil tissue a fast component (mo 
bility about 12 X 10-* sq. em. per volt per second) which was charac- 
terized as free ribonucleic acid. This same material was present in extracts 
of lymphoid tissue from other sources (Table II). 

Halliburton (11) and Stern (14) both pointed out the presence of several 
globulin-like proteins in aqueous extracts of lymphoid tissue. From the 
present study, there would appear to be at least five proteins, discounting 
the two components of rapid mobility as possibly consisting mainly 
nucleic acid. Two of these proteins, at least, seem to have certain proper- 
ties in common with the serum proteins, 8- and y-globulin. A substance 
with an electric mobility similar to that of serum 8-globulin has been found 
in extracts of rabbit lymphoid tissue (1), calf thymus, rat and rabbit lym- 


phoid tissue, and mouse lymphosarcoma (present study), and human lym | 


phoid tissue (16). However, the latter workers have been unable to 
demonstrate the presence of a protein with the electric mobility of y-globu- 


lin in aqueous extracts of lymphoid tissue. The reason for this is not 


clear, but it may be recalled that Kass (2) has noted the presence of nor 
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mal y-globulin in lymphoid tissue and that antibody (presumably immune 
y-globulin) has been demonstrated in lymphoid tissue by a number of in- 
vestigators (17,3-5,7). Whether or not these globulins are identical with 
their serum counterparts must, of course, await their isolation and charac- 
terization. Both cold ethanol fractionation (present study and (15)) and 
ammonium sulfate fractionation (16) have been emploved in such attempts. 

The presence of substances in lymphoid tissue which may have some 
biological activity has long been suspected. The investigations of 
Bomskov, purporting to demonstrate the presence of a thymus hormone 
active in growth and carbohydrate metabolism, have been the object of a 
critical denial by Andreasen (18). Parsons et al. (19) have reported the 
results of detailed studies on the action of certain pentose nucleotides on 
normal and tumorous mouse tissue. Of particular interest was the oc- 
currence of a lymphocytosis in mice receiving injections of these substances. 
In the present investigation, injection of extracts and fractions of calf 
thymus had a similar effect, and the activity seemed to be concentrated in 
the fractions rich in nucleic acid or nucleoprotein. The same fractions 
were potent in producing enlarged thymus glands in rats after repeated in- 
jection for 1 to 2 weeks. It seems probable that the increased number of 
lymphocytes appearing in the blood after injection of these extracts was 
due to stimulation of the thymus and possibly other lymphoid structures. 
The mechanism of action of these extracts, whether direct or indirect, is 
obscure at the present time. The results obtained, however, could be ex- 
plained by the presence in lymphoid tissue of a substance which has the 
capacity of depressing the normal pituitary-adrenal cortical mechanism 
controlling the rate of lymphocyte dissolution and formation (cf. (8)). 
This possibility is being further explored. 


SUMMARY 


Extraction of rabbit lymphoid tissue with various aqueous solvents re- 
vealed that the greatest amount of protein was obtained with mildly alka- 
line water (pH 7.6). The extracts obtained, although they apparently 
contained relatively large amounts of nucleic acid, were clear enough to 
permit electrophoretic analysis. 

Examination of alkaline extracts of rabbit and rat lymphoid tissue, calf 
thymus, and mouse lymphosarcoma in the Tiselius apparatus disclosed the 
presence of at least seven components in all instances. ‘The electric mo- 
bilities and percentage distribution of the various boundaries were quite 
similar for the four types of extracts studied. Substances possessing the 
mobility of serum 8- and y-globulin were found to be present. 

Fractionation of extracts of calf thymus has been attempted with the 
cold ethanol technique. Five fractions were obtained, two of which ap- 
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peared to be rich in nucleoprotein. 
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Intraperitoneal injection of these 


two fractions resulted in an increase in the blood lymphocytes of adult 


rat 


Repeated injection over a period of 1 to 2 weeks also caused thymic 


hyperplasia. 


= 
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THE INABILITY OF THE RAT TO UTILIZE THE METHYL 
GROUPS OF METHIONINE SULFONE AND OXIDIZED 
CASEIN FOR METHYLATION OF HOMOCYSTINE 


By MARY ADELIA BENNETT 


(From the Lankenau Hospital Research Institute, and The Institute for Cancer Research, 
Philadelphia) 


(Received for publication, October 28, 1948) 


Methionine sulfone has been found incapable of substituting for meth- 
jonine in the growth of the rat (1). When casein is oxidized by hydrogen 
peroxide, the resulting oxidized casein (2) cannot support the growth of 
the rats unless the tryptophan and methionine oxidized in the process 
are replaced (3). This fact, together with chemical evidence (2), in- 
dicates that in the modified protein molecule methionine has been con- 
verted to the sulfone, rather than to the sulfoxide which will support 
growth (4). By paper chromatography of hydrolysates, Dent (5) recently 
confirmed the absence of methionine sulfoxide and the presence of the sul- 
fone in oxidized casein. 

The rat experiments (1, 3), as well as the frequent use of oxidized casein 
in bacteriological assay work, indicate the absence of metabolic conversion 
of methionine sulfone, either as free amino acid or in protein linkage, to 
methionine. However, the possibility remains that the methyl group of 
the sulfone may be available for transmethylation. A recent paper by 
Valvi-Nagy (6) gives evidence for an intermediary réle of the sulfoxide in 
the demethylation of methionine. This author also implicates sulfone 
formation as an intermediary step in the process, although without experi- 
mental support. 

An experiment mentioned by us earlier (3) showed pronounced growth 
of rats when a choline-free diet containing 15 per cent oxidized casein was 
supplemented with 0.36 per cent homocystine, suggesting the conclusion, at 
that time, that transmethylation may occur. It was subsequently found 
that under the conditions of this laboratory homocystine will induce growth 
without the benefit of methyl donors in the diet (7). In the light of this 
finding the conclusion that the methyl of methionine sulfone is available 
for methylation of homocystine became questionable. 

Further study indicated that the ability of our rats to grow in the absence 
of known methyl! donors is related to preexperimental nutritional condi- 
tions which evidently result in the storage of a factor or factors involved 
in methylation and possibly a synthesis of such factors by intestinal 
bacteria (8, 9). It became possible to abolish the homocystine-induced 
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growth by modifying the intestinal flora of the animals by sulfonamide 
feeding and by depleting the rat of stored factors. Conditions were then 
established in which a dietary methyl donor, like choline, is required. The 
present investigation, conducted under such conditions, was undertaken to 
test the availability of the methyl group of methionine sulfone for methyl- 
ation of homocystine. The sulfone was used as the free amino acid and in 
the protein linkage of oxidized casein. 
Diet 

The following compounds were used: pL-methionine, du Pont’s product 
(99.9 per cent by perchloric titration), pt-methionine sulfone (10) (99.8 
per cent by perchloric titration), oxidized casein (0.008 per cent methionine 
and 0.28 per cent cystine), and pi-homocystine (100.4 per cent by disulfide 
determination) prepared in this Laboratory by du Vigneaud’s method 
modified by Brand (11, 12). 

The composition of the basal amino acid diet was the same as that 
used in previous experiments and from the same sources (8). When oxi- 
dized casein was used instead of the 17 per cent amino acid mixture, it was 
added as 15 per cent of the basal diet and the adjustment was made in the 
percentage of dextrin. Sulfasuxidine (succinylsulfathiazole, Sharp and 
Dohme) was fed as 2 per cent of the diet, sucrose 15 per cent. 

The vitamins were the same as those employed in previous experiments 
(8). Later in the experiment when the sulfonamide had become effective, 
62.5 mg. of ryzamin-B unfortified (product t, Table I (8)), 2 y of biotin, 
and finally 20 y of crystalline folic acid (folvite, Lederle) were added per 
rat per day to the B vitamins fed. 


EXPERIMENTAL 


Methionine Sulfone—Four female rats were used, two pairs of litter 
mates born within 5 days of each other. They were 34 and 39 days old 
when placed on the experimental diet. 

The preexperimental diet and experimental conditions were the same 
as those previously described (8). 

The rats were allowed to lose weight for 14 days on the basal synthetic 
diet containing sulfasuxidine. This period was extended from 8 to l4 
days in order to deplete the animals as thoroughly as possible. Then 
0.83 per cent homocystine was added to the diet and the basal food was re- 
stricted to 3 gm. 
usual drop in weight (7) occurred, an average loss of 13 gm. in 5 days. At 
this point doses of ryzamin-B (62.5 mg.) and folic acid (20 7) were ad- 
ministered for 3 days in order to aid recovery. 
the original B vitamin supplement and given the basal food ad libitum until 


Growth ensued and continued for 9 to 11 days, when the _ 


The rats were then kepton 
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growth leveled off. It was assumed that the sulfasuxidine had become 
effective and therefore, at this point, ryzamin-B and additional biotin were 
added, followed in a short time by folic acid. If the growth curve of the 
rats remained level upon the addition of these extra vitamins, the animals 
were in a condition suitable for assay purposes. The four rats in this ex- 
periment were first used for several liver fraction assays. Rather than 
condition new animals, which would involve time and expense, it was 
decided to use these rats for the present experiment. The 0.83 per cent 
homocystine in the basal diet was replaced by 0.93 per cent methionine in 
order to test the condition of the animals by their ability to respond to 
methionine. Fig. 1 shows the average growth curve of these four rats 
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Fic. 1. Average daily growth and basal food consumption. Basal diet supple- 
mented with the following: A, 0.93 per cent pL-methionine; B, 0.83 per cent homo- 
eystine; (’, 0.83 per cent homoevstine and 1.12 per cent methionine sulfone; D, 0.83 


per cent homocystine and 18 mg. of choline chloride. 


and their daily basal food consumption. After 10 days on methionine (A) 
they were returned to homocystine; during the next 8 days the curve fell 
\B). For the following 15 days (C) 1.12 per cent methionine sulfone was 
added to the 0.83 per cent homocystine supplement in the basal diet. All 
rats failed to grow during this period; the average daily losses were 0.30, 
0.40, 0.50, and 0.52 gm. perday. When the sulfone was replaced by 18 mg. 
of choline per day in the presence of 0.83 per cent homocystine (D), all 
animals responded with an immediate gain; the average was 1.4 gm. per 
day. The initial growth experiment with methionine sulfone (1) indicates 
that the sulfone is not toxic. 

Oridized Casein—Five female rats were used. One pair, litter mates, 
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was 41 days old at the start of the experiment; the other three were from 
different litters, two of the three born the same day being 40 davs old, the 
other, 37 days, when placed on the experimental diet. 

These animals were given the same diet and depleted exactly as the four 
rats previously described. None of the five was used for liver fraction 
assay. When they showed a level growth curve on addition of the rvza- 
min-B, folic acid, and additional biotin, which required about 00 days, they 
were used for the present experiment. Fig. 2 shows the average growth 
curve and daily basal food consumption of these rats. The first period of 
10 days (A) is the level period on the full vitamin supplement and 0.83 
per cent homocystine. For the next 14 days (B) the 17 per cent amino 
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Fic. 2. Average daily growth and basal food consumption. A, basal amino acid 
diet with OSS per cent homocystine; #8, 15 per cent oxidized casein, OA per 
cent tryptophan, and 0.83 per cent homocystine; C, amino acid diet, 0.83 per cent 
homocystine and 1S mg. of choline chloride 


acid mixture and 0.83 per cent homocystine diet was replaced by one con- 
taining 15 per cent oxidized casein supplemented with 0.4 per cent L 
tryptophan and 0.83 per cent homocystine. There was an average gain 
of only 1.0 gm. during this period, the average daily changes of the five 
animals being —0.07, +0.04, +0.06, +0.14, and +0.16 gm. Upon r- 
turning to the amino acid diet containing 0.83 per cent homocystine, now 
supplemented with 18 mg. of choline chloride per day (C), gain resulted, 
the average being 1.9 gm. per day. A rat from a former experiment, 
which did not grow on a 15 per cent oxidized casein diet supplemented 
with 0.83 per cent homocystine and 0.4 per cent tryptophan, gained an 
average of 1.8 gm. per day for 9 days when 18 mg. of choline chloride were 
added per day to the oxidized casein dict. 
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The fact that weight maintenance on the basal diet is somewhat better 
in the presence of oxidized casein than with the amino acid mixture may 
be due to the presence of strepogenin' or other protein factors. 


SUMMARY 


Rats fed a labile methyl-free homocystine diet supplemented by either 
methionine sulfone or oxidized casein failed to grow. This constitutes 
indirect proof of failure to methylate the homocystine and suggests that 
oxidation of methionine to the sulfone destroys the biological lability of its 


methyl group. 


The author is indebted to Joseph J. Kolb for preparing the homocystine, 
methionine sulfone, and oxidized casein. She also wishes to thank Dr. G. 
H. Hitchings of the Wellcome Research Laboratories for the ryzamin-B 
unfortified, Dr. EF. L. R. Stokstad of the Lederle Laboratories Division, 
American Cyanamid Company, for the folvite, and Dr. D. K. O'Leary of 
E. I. du Pont de Nemours and Company, Inc., for the pt-methionine. 
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‘A preparation of oxidized casein analyzed for strepogenin activity was found 
to be only slightly less active than casein (personal communication from D. W. 
Woolley to G. Toennies). 
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THE METABOLISM OF SOME BRANCHED CHAIN ALIPHATIC 
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Trimethylacetic (pivalic) acid and tertiary butylacetic acid, aliphatic 
acids in whose molecules a tertiary carbon atom is present, are not oxi- 
dized readily in the organism of the rat or rabbit, but appear to be excreted 
in considerable part in conjugation with glucuronic acid (1). These 
represent the first examples of the biological conjugation of glucuronic acid! 
with an aliphatic acid. We have been interested in further studies of 
aliphatic acids which are not oxidized readily in the animal body and which 
might conjugate similarly with glucuronic acid. These have included 
methylneopentylacetic acid, two a-substituted (ethyl group) aliphatic acids, 
and hydroxyisobutyric acid. 


EXPERIMENTAL 


The animals (rats, rabbits), the general laboratory procedures, and the 
methods used were the same as those of our previous studies from this 
laboratory (1). The acids were administered as the sodium salts either 
orally or subcutaneously. 

Methylneopentylacetic Acid (2,4 ,4-Trimethylpentanoic Acid)*—This acid 
boiled at 216° and had a refractive index (n® ) of 1.4228 and a density (at 
25°) of 0.8882. These constants are in excellent agreement with those 
reported by Whitmore and associates (3). 

Methylneopentylacetic acid (MNPA) is an a-methyl-substituted acid 
of the type which is usually stated to be oxidized readily in the animal or- 
ganism (4,5). Oxidation at the 8-carbon atom, as postulated by Carter 
(p. 50 (5)), should yield trimethylacetic acid; demethylation with subse- 
quent a oxidation should yield tertiary butylacetic acid. According to our 
earlier observations (1), if either of these acids were formed, they should 


*Government of India Scholar. 

' For a discussion of biological detoxication, in which conjugation with glucuronic 
acid is included, the excellent presentation of Williams (2) should be consulted. 

* Obtained from the Mallinckrodt Chemical Works of St. Louis through the co- 
operation of Dr. Melvin J. Thorpe. 
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be resistant to further metabolic change and should be excreted in cop- 


jugation with glucuronic acid. We have not been able as yet to isolate | eS 
either of these acids or their conjugation products from the urine of animals _ alk 
fed MNPA. Our data indicate that a considerable portion of the acid, ; 
when administered to either rats or rabbits, is excreted without oxidation, a 
des 
Excretion of Extra Glucuronic Acid after Administration of Methylneopentylacetic, _ 
a-Ethylbutyric, and a-Ethyl-n-caproic Acids salt 
1 gm. of the sodium salt of each acid was administered orally except where sub. pha 
cutaneous injection is indicated. Glucuronic acid is calculated as glucurone. Ip 
the last two columns, the amount of acid conjugated is calculated on the assumption 
that all of the extra glucuronic acid is conjugated mole for mole with the aliphatic M 
acid fed. Per cent refers to the percentage of the amount administered thus con. 
Experi- Extra Aliphatic acid 
Acid ment No. oe conjugated 
me. me. per cont 
Methylneopentylacetic (0.867 gm.)* | 12 | @0 564 65 Met! 
| | 621 
2-3t 655 536 
2-4 677 554 67 
2-5 755 618 70 
| 538 | 6&7 
fee: | 70 a-Et] 
a-Ethylbutyric (0.708 gm.)* Mae 39 5 
24¢ 312 206 25 
| | 433 52 a-Et} 
a-Ethyleaproic (0.867 gm.)* 4-1 sso | 719 | 8 
4-2 S6 
4-3 S96 733 85 
4-4 M07 742 
4-5t 919 7 87 
* Amount administered calculated as free acid. with 
t Subcutaneous administration. ol 
ble used | 
and presumably in conjugation with glucuronic acid. As shown in Ta the b 
I, when | gm. of the sodium salt of the acid was fed or injected subcuta- pate 
neously to rabbits, an increased excretion of glucuronic acid, which corre- ae 
sponded to 62 to 72 per cent of the MNPA administered, was observed. | sen 
Similar results were obtained with rats in which the increased glucuronic ‘ita 
acid excretion was equivalent to from 22 to 48 per cent of the MNPA (1 site 


mg.). The experimental urines reduced Benedict's solution, which sug: 


cent 


in 
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gested the presence of the ester type of glucuronide, unstable to alkali, 
which splits off glucuronic acid and thus shows reducing properties with 
alkaline copper reagents. 

No attempt was made to isolate the conjugated glucuronate from the 
urine. It was possible, however, by the use of the procedure previously 
described (1), to prepare an S-benzylthiuronium (SBT) salt from the ex- 
perimental urines. The melting points and nitrogen contents of these 
salts are given in Table Il. The data indicate that, like the other ali- 
phatic acids with tertiary carbon atoms previously studied, MNPA escapes 


Taste Il 
Melting Points and Nitrogen Contents of S-Benzylthiuronium Salts of Pure Acids 
and of Acids Isolated from Urines 
The melting points are uncorrected. Mixed melting points of the derivatives of 
the pure acids and those isolated from the urines were satisfactory. 


Acid Sample No. M_p. Nitrogen 

per cent 

Methylneopent ylacetic 9.03* 
155 8.98 
153-154 8.94 
4 154-155 8.96 
10 155 8.98 
13 151-153 9.01 

a-Ethylbutyric 9.92° 
142 9.73 
6 142 9.63 
7 142 9.68 

a-Ethyleaproic 9 .03° 
19t 132 


20 131] 9.13 


* Theoretical value. 
t Derivative of pure acid. 


oxidation, in large part, in the animal body and is excreted in combination 
with glucuronic acid. 

a-Ethylbutyric Acid (2-Ethylbutyric Acid, Diethylacetic Acid)? —The acid 
used in the experiments boiled at 193.5° (uncorrected), which checked with 
the boiling point of 190-197° recorded in the literature. The data are 
presented in Tables I and Il. The oral or parenteral administration of 
a-ethylbutyric acid to rabbits was followed by an excretion of considerable 
amounts of extra glucuronic acid (except in Experiment 1-1). The 
increases, while not as great as were noted when the acids containing a 
tertiary carbon atom were administered, correspond to from 25 to 52 per 
cent of the acid ingested (excluding Experiment 1-1). Similarly when 100 


a- 
nic 
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mg. of the sodium salt were fed or injected into young white rats, similar 
increases of glucuronic acid, corresponding to from 22 to 49 per cent, were 
observed. From the urines, it was possible to isolate a SBT salt which 
was identified as that of a-ethylbutyric acid by melting points and analyses 
for nitrogen (Table II). 

In a single experiment in which the salt of a-ethylbutyric acid was in- 
jected subcutaneously into a dog, Blum and Koppel (6) have reported the 
excretion of methylpropy! ketone in the urine. It has also been stated 
that the acid gives rise to acetoacetic acid when perfused through the liver 
(4). Baer and Blum (7) believed that the urinary excretion of acetone 
bodies was increased after the feeding of a-ethylbutyric acid to human 
diabetics. In reviewing this work, Blum and Koppel (6) have pointed 
out that the urine of these patients also contained increased amounts of 
volatile substances which gave a positive iodoform test and that the urines 
were levorotatory. Since many of the glucuronic acid conjugates isolated 
from the urine are known to be levorotatory (Williams (2) pp. 122, 193), 
this suggests the presence of derivatives of glucuronic acid in these urines. 

In view of the observations of Blum and Koppel, we have attempted to 
detect the presence of ketones, notably methylpropyl ketone, in the ex- 
perimental urines by the reaction with 2,4-dinitrophenylhydrazine. We 
were unable to establish the presence of ketones in increased amounts even 
in Experiment 1-1, in which the excretion of extra glucuronic acid and the 
amounts of a-ethylbutyric acid isolated as the SBT salt were small. 

If the fate of a-ethyl-substituted acids is similar to that postulated 
for those with a-methy! substituent groups (4, 8), butvric acid should 
be the product of metabolism, and should yield acetoacetic acid with 
liver slices and acetone in the diabetic organism. On the other hand, if 
8 oxidation preceded dealkylation, the product, a 8-ketonic acid 
(CH;—CO—CH(C,Hs)—-COOH) would yield methylpropyl ketone by 
loss of carbon dioxide (4,8). We have been unable to obtain evidence of 
either of these reactions in ourexperiments. Our data point to the excretion 
of a considerable portion of the a-ethylbutyric acid administered, in combi- 
nation with glucuronic acid, although they do not exclude the possibility of 
the other two paths of catabolism. 

a-Ethylcaproic Acid (Butylethylacetic Acid, 2-Ethylhexoic Acid)*—The acid 
distilled at 218-220° at 736 mm. pressure and was a colorless liquid, almost 
insoluble in water, which gave a neutral equivalent of 145.2 (theoretical, 
144). For the preparation of the sodium salt, an alcoholic solution of the 
acid was neutralized (phenolphthalein indicator) with alcoholic sodium 
hydroxide; the solvent was removed under diminished pressure and the 


* Obtained through the courtesy of the Carbide and Carbon Chemicals Cor- 
poration. 
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residue was dried at 90° for 48 hours. The hygroscopic material was used 
in the feeding experiments. The SBT salt, prepared in the usual manner, 
recrystallized from hot benzene and dried, melted at 132° (uncorrected) 
and contained 8.94 per cent of nitrogen (theoretical, 9.03 per cent). 

When a-ethyleaproic acid was fed or injected subcutaneously into a 
rabbit, an increased excretion of glucuronic acid resulted, an increase which 
corresponded to 83 to 87 per cent of the acid administered (Table I). This 
excretion of glucuronic acid represented a higher conjugation of the organic 
acid than has been observed either in the present series of experiments or in 
those with pivalic and tertiary butylacetic acids previously reported from 
this laboratory (1). No significant excretion of acetone bodies was ob- 
served. 

Our efforts to prepare the SBT salt of the acid from the urine were less 
successful than in our earlier experiments (1). From the ether-extractable 
material obtained from the acidified urine, a gummy product was obtained 
in the reaction with SBT chloride. This was extracted with hot benzene, 
in which the SBT salt of a-ethyleaproic acid is soluble readily, and on 
evaporation of the benzene, small amounts of a salt were obtained which 
appeared to be the SBT derivative of a-ethyleaproic acid (Table Il). In 
another experiment, the ether extract of the acidified urine was evaporated 
to dryness and extracted with petroleum ether. From the petroleum ether 
fraction, an SBT salt melting at 131° was obtained. The petroleum ether 
fraction, however, represented only about one-twelfth of the material 
extractable from the urine by ether and titratable with alkali. We are 
unable to offer any satisfactory explanation of the low yield of the SBT 
salt despite the marked increase in the glucuronic acid content of the urine. 
Glucuronides of this type are readily broken down. It is possible that the 
conjugated glucuronide if formed with the fatty acids with longer carbon 
chains may be less labile and that the a-ethyleaproic acid is not free to 
react with the SBT chloride. This needs further study. 

Hydroxyisobutyric Acid (Acetonic Acid)—The acid, prepared by saponi- 
fication of the methyl ester* and recrystallized from boiling benzene or 
petroleum ether, melted at 79° (uncorrected) and had a neutral equivalent 
of 104.9 (theoretical, 104). From the acid, the sodium salt was prepared, 
recrystallized from boiling alcohol, and dried at 110° for use in the animal 
experiments. From the sodium salt, the SBT derivative was prepared in 
the usual manner (1) and after recrystallization from a mixture of benzene 
and acetone (4:1) and drying, melted at 141° (uncorrected), and contained 
10.25 per cent of nitrogen (Kjeldahl) (theoretical, 10.37 per cent). 

For the quantitative estimation of the acid, the reaction with ferric 
chloride served as the basis. The yellow color obtained resembles that 


‘ Obtained through the courtesy of the Rohm and Haas Company of Philadelphia. 
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given by lactic acid with the same reagent. ‘To amounts of the acid rang- 
ing from 0.25 to 2.0 mg. in 10 ml. of water was added 1 ml. of a 1 per cent 
ferric chloride solution (freshly diluted from a 10 per cent stock solution). 
The color which developed immediately was read within 5 minutes in a 
Klett-Summerson photoelectric colorimeter (Filter 42). From these read- 
ings, a standard curve was prepared. 

For the determination of the acid in the urine, 5 to 10 ml. of urine were 
acidified with 2 ml. of 10 per cent phosphoric acid and extracted for 2 hours 
with ether in the extraction apparatus described by Griffith (9) for the 
extraction of hippuric acid from urine. 10 ml. of distilled water were added 
to the ether extract and the ether was removed by evaporation on a steam 
bath and finally under slightly diminished pressure. The aqueous solution 
remaining was made up to a definite volume and aliquots were used in the 
ferric chloride reaction as described. Normal urines similarly treated 
served as blank determinations. By these procedures, it was possible to 
recover from 91 to 96 per cent of hydroxyisobutyric acid added as the 
sodium salt to urine and from 95 to 98 per cent from aqueous solutions of 
the salt. 

1 gm. of the sodium salt dissolved in water was fed through a stomach 
tube or injected subcutaneously into a male rabbit of approximately 2.4 
kilos. This amount even when administered daily over a period of 4 
days produced no obvious signs of toxicity; the animals ate the food offered 
regularly and completely. The urine was collected in 24 hour periods and 
analyzed as already described. In one experiment, the partition of 
urinary sulfur was determined by the usual procedures. The data are 
summarized in Table II. 

The experimental! urines did not reduce Benedict’s copper solution, nor 
give a test for acetone bodies. There was no increase in glucuronic acid 
excretion nor in conjugated sulfate sulfur. The total nitrogen and cre- 
atinine excretions (not shown in Table III) were remarkably constant. 
The amount of ether-soluble material which reacts in the ferric chloride 
test was equivalent to 35 to 42 per cent of the acid administered. Since 
lactic acid also reacts with ferric chloride and would be determined by 
our procedure, an attempt was made to identify the substance in the urine 
which gave the vellow color with ferric chloride. 

A rabbit was fed 1.5 gm. of the acid (in solution in the theoretical amount 
of sodium bicarbonate) daily for 2 days. The pooled urines were acidified 
with phosphoric acid and extracted with ether for 8 hours. The ether ex- 
tract was dried with a small amount of anhydrous sodium sulfate, was 
shaken with decolorizing charcoal, and filtered. The residue, after evapora- 
tion of the ether, was converted to the sodium salt (1.15 gm. of crude dried 
material). 0.5 gm. of this salt was converted to the free acid which was 
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crystallized from petroleum ether. Somewhat more than 250 mg. of the 
acid were obtained. ‘The crystals melted at 79°, did not depress the melting 
point of a sample of the pure acid, and, when analyzed by the ferric chloride 
reaction, showed a purity of approximately 98 per cent. 

From the remainder of the sodium salt prepared from the urine, the SBT 
salt was prepared. 800 mg. of a derivative, which melted at 140° and did 
not depress the melting point of a similar derivative of the pure acid, were 
thus prepared. On analysis (Kjeldahl), 10.45 per cent of nitrogen was ob- 
tained (theoretical, 10.37 per cent). It is evident from these observations 
that the major part of the material excreted in the urine and reacting with 


Taste lil 


Glucuronic and Hydrozybutyric Acid Contents of Urine after Administration of 
Hydrozybutyric Acid 


1 gm. of the sodium salt (equivalent to 0.825 gm. of the acid) was administered 
orally except as indicated. Glucuronie acid is calculated as glucurone. 


Period Glucuronic acid Hydroxyisobutyric acid 


me. me per cent of intake 
Control*. . | 131 (101-178) 
dad 153 200) 35 
oe 114 350 42 


* The average daily excretion of 11 control days. The values in parentheses 
represent the range of normal values. 

t The partition of sulfur showed excretions of 69 mg. of inorganic sulfate and 7 mg. 
of conjugated sulfate sulfur on the experimental day, in comparison with similar 
values of 79 and 7 mg., respectively, on 3 control days immediately preceding and 
following the experimental day. 

t Subcutaneous administration. 


ferric chloride was the unchanged acid. The possibility of the presence 
of small amounts of lactic acid cannot, however, be ruled out entirely.® 
Previous studies of the fate of hydroxyisobutyriec acid in the animal 
organism are limited and the data are not presented in detail. Blum in 
1910 (11) reported that when the acid was administered to young animals 


* The SBT salt of lactic acid melts at 153° (10) and has a nitrogen content of 10.93 
percent. While the differences between the melting point and nitrogen content of 
the SBT salts of lactic acid and hydroxyisobutyric acid are not great, it is believed 
that the properties of the SBT salt of the acid isolated from urine exclude the presence 
of a significant amount of the lactic acid salt. When the SBT salts of lactic acid pre- 
pared in this laboratory and of the ether-soluble acid, extracted from the experi- 
mental urines, were mixed, the melting point of the mixture was 127-135°, further 
evidence of the absence of lactic acid in the SBT salt prepared from urine. 
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(neither the route of administration nor species of animal is stated) no 
acetoacetic acid was formed, but the acid was excreted, largely unchanged, 
together with traces of lactic acid. Since approximately 60 per cent of the 
acid fed in our experiments could not be accounted for in the urine, regard- 
less of the mode of administration, we believe that this fraction has prob- 
ably undergone biological oxidation. In such an oxidation, the first step 
might well be demethylation with the formation of lactic acid, which should 
not appear in the urine. It is of interest to note that hydroxyisobutyric 
acid is reported not to be metabolized by microorganisms (12). 

The behavior of hydroxyisobutyric acid is in striking contrast to that 
of isobutyric and pivalic (trimethylacetic) acids. Isobutyric acid gave rise 
to extra glucose in amounts approximately equivalent to 3 carbon atoms in 
the phlorhizinized dog (13). Pivalic acid was excreted, largely unchanged, 
but in combination with glucuronic acid by the normal rabbit (1). It is 
also of interest to note that 8-hydroxyisovaleric acid, which contains the 
grouping (CH;)2,C(OH)— present in hydroxyisobutyric acid was oxidized 
in living tissue and is reported to give rise to acetoacetic acid in perfusion 
experiments with the surviving liver (14). 


SUMMARY 


Methylneopentylacetic acid, an acid which contains a tertiary carbon 
atom, like the similar acids, trimethylacetic and tertiary butylacetic, was 
oxidized with difficulty in the organism of the rabbit and the rat and its 
administration led to the excretion of large amounts of extra glucuronic 
acid, presumably in conjugation with the unchanged acid. 

The administration of two acids in whose molecule an ethyl group was 
substituted on the a-carbon atom, a-ethylbutyric and a-ethyl-n-caproic 
acids, also resulted in the excretion of considerable amounts of extra glu- 
curonic acid. This suggests the presence of the unchanged acid as a 
glucuronide and is in accord with a few early observations which indicated 
that such acids were oxidized with difficulty (in contrast to a-methyl 
acids). 

No ketone derivatives were isolated when hydroxyisobutyric acid was 
administered; considerable amounts of the acid were excreted as such, but 
no conjugation with glucuronic acid was indicated. 
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THE OXIDATION OF UNSATURATED FATTY ACID 
IN NORMAL AND SCORBUTIC GUINEA PIGS 


By HERBERT ABRAMSON 
(From the Department of Zoology, Duke University, Durham, North Carolina) 


(Received for publication, September 10, 1948) 


Kohn and Liversedge (1) showed that rat tissues incubated aerobically 
formed a substance which reacts with either p-aminobenzoic acid (PAB) 
to give a yellow color or with thiobarbituric acid (TBA) to give an orange- 
red color. Bernheim, Wilbur, and Fitzgerald (2) found that ascorbie acid 
catalyzes the oxidation of a compound which is linked to brain protein, and 
that the oxidation product reacts with these reagents producing the char- 
acteristic colors. Ascorbie acid is known to catalyze the oxidation of 
lipides. Rusch and Kline (3) demonstrated this for liver phospholipides; 
Elliott and Libet (4) found that phospholipides increased the oxygen con- 
sumption of brain suspensions and that this effect is augmented by ascorbic 
acid. That the substance which is linked to tissue protein and reacts with 
PAB and TBA is lipide is indicated by the recent work of Bernheim, Bern- 
heim, and Wilbur (5), in which it was found that the oxidation products of 
certain unsaturated fatty acids form the colored compounds. Analysis of 
the TBA compound showed that a 3-carbon fragment had combined with 
the thiobarbituric acid. The reaction is given by lecithin, cephalin, and 
methyl linolenate but not by lysolecithin, oleic, or linoleic acid. The ab- 
sorption spectrum of the colored compound formed by methyl! linolenate 
with thiobarbituric acid is identical with that given by tissues,’ and it is 
presumed that the substance concerned is linolenic or a related fatty acid 
from which a 3-carbon fragment can be split. 

The thiobarbituric acid test provides a convenient method for following 
the oxidation of linolenic and possibly similar fatty acids and has been 
utilized in the present experiments to study the influence of ascorbic acid on 
fatty acid oxidation in several tissues of normal and scorbutic guinea pigs. 
In most scorbutic tissues a subnormal oxidation has been found. Addition 
of ascorbic acid to such tissues tn vitro increased the amount of oxidation to 
the normal level. This indicates that ascorbic acid is a catalyst for this 
oxidation and that the tissues of the scorbutic animal contain normal 
amounts of fatty acid. 


EXPERIMENTAL 


Male guinea pigs weighing 260 to 480 gm. were given a scorbutigenic diet 
6) mixed with minced, fresh carrots plus a daily oral supplement of 5 mg. of 
' Bernheim, F., and Wilbur, K. M., personal communication. Tested on fresh 
sample supplied by the Nutritional Biochemicals Corporation. 
179 
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crystalline ascorbic acid (6). After 2 to 8 days the animals had become 
accustomed to the new diet and were then divided into experimental and 
control groups on the basis of similar weights. The experimental group, 
which was given a diet lacking ascorbic acid, showed typical symptoms of 
scurvy after 2 to 3 weeks (7). At that time both the control and experi- 
mental groups were given 0.5 gm. of L-tyrosine orally, and the urines were 
tested for the presence of hydroxy acids (6). After the scorbutic animals 
gave a positive test, the normal and deficient guinea pigs were decapitated. 
Postmortem examination revealed no symptoms of scurvy in the control 
animals (7). 

Organs to be studied were dissected immediately, weighed, ground 
thoroughly in a mortar, squeezed through muslin, and diluted with 0.05 » 
Na-K phosphate buffer of pH 6.7 to give a concentration of 200 mg. of 
tissue per-ml. of buffer. To 1.5 ml. of buffer was added 0.5 ml. of tissue 
suspension, and the flasks were incubated at 37-38° for 105 minutes with 
shaking. For testing the effect of ascorbic acid, 0.5 mg. was added to the 
suspension (2). The pH remained at 6.7. After incubation 1.0 ml. of 
20 per cent trichloroacetic acid and 4 ml. of thiobarbituric acid reagent (1) 
were added to the suspension, which was then placed in a boiling water 
bath for 5 minutes. The precipitate was centrifuged, and the density of 
color of the decanted liquid was read in a Fisher electrophotometer with 
Filter 525B. Blanks were run to correct for the reagents and the turbidity 


of the tissue suspensions. 
Results 


Fatty acid oxidation of tissues of normal guinea pigs on a controlled diet, 
as measured by the amount of color produced, is summarized in Table I, 
Column 4. Brain gave the highest values followed in order by testis, 
medulla oblongata, adrenal, kidney, liver, and spleen, with very low values 
for heart. In normal animals on a normal uncontrolled diet,? the sciatic 
nerve gave values comparable with brain and testis. Oxidation was similar 
in various parts of the brain except for the olfactory bulbs in which it was 
much reduced, a finding which may be related to the smaller number of 
myelinated fibers. Values for adipose tissue were in the same range as 
adrenal and kidney. Throughout the experiments care was taken to 
remove all extraneous fat from the organs before the tissue suspensions 
were made. 

Fatty acid oxidation in scorbutic whole brain, medulla oblongata, testis, 
adrenal, and kidney was significantly less than that in the corresponding 


* The normal uncontrolled diet consisted of Rockland guinea pig dict, hay, and 
fresh carrots and lettuce. 
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normal tissues (Columns 2 and 4).2 Addition of ascorbic acid to these 
tissues of the scorbutic animals brought the values into the normal range 
(Columns 2, 3, and 4). On the other hand, scorbutie liver, spleen, and 
heart gave essentially normal values, and the addition of ascorbic acid to 


Taare I 


Thiobarbituric Acid Color Production by Normal and Scorbutic Guinea Pig Tissues 
Incubated with and without Added Ascorbic Acid 


The tissue suspensions were incubated 105 minutes at 37-38°. The color density 
was measured with a Fisher electrophotometer with Filter 525B. Scale readings 
above 5 were directly proportional to concentration within the range employed. 
The figures represent mean values with probable error. All tissues listed below 
“heart” are from normal animals on a normal uncontrolled diet. 


No.of 
en | _ Scorbutic Normal 
Tissue ascorbic acid | Normal 
pigs 
(3) 

Brain 9 2.9 + 1.249.2 + 2.342.4 +4 0.950.9 + 4.0 
Medulla oblongata 3 10.6 + 1.037.6 + 5.024.0 + 1.934.6 + 4.6 
Testis 9 + 1,541.5 + 3.334.1 + 1341.24 4.3 
Adrenal 6 7.9 + 0.719.2 + 5.22.9 + 2814.4 4 4.1 
Kidney 9 8.1 + 0.939.5 + 3.216.9 + 0.747.0 + 2.4 
Liver 9 (15.3 + 3.619.8 + 6410.7 + 2.2 4340.6 
Spleen 9 |$8406 624061024 0.6 84+ 1.0 
Heart 3 112402214051940305403 
Right sciatic nerve 3 | 48.1 + 6.553.7 + 6.2 
Fe 3 29.7 + 5.743.2 + 7.6 
Right olfactory bulb 4 | 3.9 + 1.0 
Left ee ee 3 | 2.2+ 0. 
Right cerebral hemi- 4 | 16.5 + a 

sphere 
Left cerebral hemisphere 4 | 16.6 + 1. 
Cerebellum 4 | 11.2 + 1.4 
Mesencephalon and di- 4 15.5 + 0.4 

encephalon | | 
Pituitary 4 16.9 + 7.5 
Medulla oblongata 3 | 12.9 + 2.0 
Fat posterior to right 3 19.7 + 3.324.2 + 4.7 

kidney | 


these tissues caused no significant change except some decrease in scorbutic 
spleen. Several normal tissues exhibited increases on the addition of 


* The significance of the difference between the means in Table I has been tested. 
This includes a comparison of the following sets of data: scorbutic-normal, scorbutic 
With ascorbic acid added-normal, scorbutic-scorbutic with ascorbic acid added, and 
normal-normal with ascorbic acid added. 


f 
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ascorbic acid (Columns 4 and 5). The differences are statistically sig. 
nificant for kidney and doubtful for brain. Liver showed a decrease 
of doubtful statistical significance. 


DISCUSSION 


The oxidation of fatty acid and lipides in rifro proceeds spontaneously in 
the presence of oxygen and is catalyzed by ascorbic acid and hemoglobin 
(3-5, 8), and in the organism it is not unlikely that these same factors may 
have an influence on the oxidation of fatty acid, whether free, part of the 
phospholipide molecule, or combined with protein. That ascorbic acid 
plays an important part in the oxidation of linolenic acid in tissues is indi- 
cated by the present study in which certain scorbutic tissues exhibited g 
deficient oxidation tn vitro which could be corrected by the addition of 
ascorbic acid. The deficiency may well be greater than the results suggest, 
since hemoglobin present in the tissue suspensions would also catalyze the 
oxidation. Accordingly, it appears probable that the oxidation of linolenic, 
and possibly other closely related acids, is considerably retarded in certain 
tissues of the scorbutic animal. 

The results also suggest a possible method for measuring the ascorbic acid 
saturation of individual tissues with respect to linolenic acid oxidation. If 
addition of ascorbic acid to a tissue does not increase the amount of oxida- 
tion, the tissue may be said to be saturated. If there is an increase, then 
the amount of ascorbic acid required to give a maximal value might be used 
as a measure of the deficiency. On this criterion certain tissues of guinea 
pigs receiving 5 mg. of ascorbic acid per day are not saturated, while liver, 
spleen, and heart, on the other hand, may show maximal values even in 
scorbutic animals (Table 1). 

The thiobarbituric acid test may provide a means of measuring the 
linolenic acid content of tissues. The reagent gives a measurable color 
with as little as 1 y of pure methyl linolenate.'- On the basis of the color 
reaction, 100 mg. of normal guinea pig brain, a tissue with a high content, 
would contain only about 50 y. It is possible that the failure to find 
linolenic acid in various animal tissues may be due to the insensitivity of 
the previous methods used. 

For certain of the results listed in Table I, no satisfactory explanation 1s 
apparent. This applies to the inhibitory action of added ascorbic acid on 
normal liver and scorbutic spleen. Also, values for various parts of the 
brain were much lower than expected on the basis of analyses of whole brain. 


The author appreciates the helpful suggestions of Dr. Frederick Bern- 
heim and Dr. Karl Wilbur and the aid of Dr. W. L. Deemer, Jr., with 
statistical procedures. 
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SUMMARY 


1. The oxidation of unsaturated fatty acid was measured by the thio- 
barbituric acid color reaction in normal and scorbutic guinea pig tissues 
which were incubated with and without added ascorbic acid. In tissues 
from normal guinea pigs oxidation was greatest in brain, nerve, and testis, 
followed by medulla oblongata, adrenal, kidney, fat, liver, and spleen, with 
very low values for heart and olfactory bulbs. 

2. In tissues from scorbutic guinea pigs oxidation was decreased in brain, 
testis, medulla oblongata, adrenal, and kidney, whereas oxidation in liver, 
spleen, and heart was not significantly different from normal. The sub- 
normal oxidation of scorbutic tissues was corrected by the addition of 
ascorbic acid in vitro. 

3. The addition of ascorbic acid to tissues of normal animals increased 
oxidation in some, gave no change in others, and caused a decrease in liver. 

4. A method for estimating the ascorbic acid saturation for fatty acid 
oxidation in individual tissues is suggested and consists of a determination 
of the amount of ascorbic acid required to give maximal oxidation on 
incubation, as indicated by the thiobarbituric acid color reaction. 
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MAMMALIAN TYROSINASE: PREPARATION 
AND PROPERTIES* 
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CALKINS,§ ann WILLIAM H. SUMMERSON 


(From the Biochemistry Section, Medical Division, Army Chemical Center, Maryland) 
(Received for publication, November 3, 1948) 


The enzyme tyrosinase, which catalyzes the aerobic oxidation of tyrosine 
to produce the pigment melanin, is found widely distributed in nature. 
Much has been reported (1, 2) on tyrosinase obtained from plant, insect, 
and marine animal sources, but relatively little is known concerning mam- 
malian tyrosinase. Some years ago, Bloch and his coworkers proposed, 
on the basis of histochemical evidence, that melanin formation in mamma- 
lian skin was attributable to the presence of a specific enzyme whose sub- 
strate was not tyrosine but dihydroxyphenyl-L-alanine (dopa) (3). This 
enzyme was given the name “dopa oxidase.”” Largely as the result of this 
work, which has been amply confirmed, the concept has arisen that the 
primary amino acid precursor of mammalian melanin is not tyrosine but 
dopa, and there has even been some question as to the actual existence of a 
mammalian tyrosinase, although it is generally agreed that the enzyme from 
other sources is a true tyrosinase. 

In 1903 Gessard (4) found that extracts from a horse melanoma were 
able to catalyze the conversion of tyrosine to melanin. This was confirmed 
by de Coulon in 1920 (5). In 1907 Alsberg (6) prepared an extract from a 
human melanoma which could catalyze the formation of black pigment 
from catechol and possibly from tyrosine. In the following year Neuberg 
(7) showed that dilute extracts from a human melanoma accelerated pig- 
ment formation from tyramine and adrenalin but not from tyrosine. 
Recently Hogeboom and Adams (8) demonstrated that extracts from the 
Harding-Passey mouse melanoma possess both tyrosinase and dopa oxi- 
dase activity. They reported the separation of these two activities by 
ammonium sulfate precipitation. Similar results were reported by Green- 


* Part of the material in this paper was presented at the meeting of the Feder- 
ation of American Societies for Experimental Biology at Atlantic City, March, 1948 
(Federation Proc., 7, 167 (1948)). 
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stein and Algire (9). In addition, Greenstein ef al. (10) found that extracts 
from a human melanoma show both tyrosinase and dopa oxidase activity. 

The work reported here indicates that the enzymatic activity concerned 
in the oxidation of both tyrosine and dopa to melanin by extracts from the 
Harding-Passey mouse melanoma is associated with cell particles and jis, 
therefore, not susceptible to separation by the common methods for frac. 
tionating mixtures of proteins. It is also shown that under certain con. 
ditions no true distinction can be made between tyrosinase and dopa 
oxidase activity in the mammalian tissue preparations used, thus militating 
against the possibility that these two activities can be ascribed to separate 
enzymes. In addition, it is shown that dopa is an intermediate in the 
oxidation of tyrosine by mammalian tyrosinase. 


EXPERIMENTAL 


Extracts from the Harding-Passey mouse melanoma, prepared as de- 
scribed below, were subjected to various fractionation procedures at 5° 
unless otherwise specified. Tyrosinase and dopa oxidase activities of the 
fractions were determined manometrically by measurement of the oxygen 
uptake in the Warburg apparatus at 38° with 0.1 w potassium phosphate 
buffer at pHi 68. Autoxidation of dopa is negligible at this pl for the 
time intervals of the experiments. The substrates L-tyrosine (Eimer 
and Amend) and dihydroxyphenyl!-t-alanine (Hoffmann-La Roche) were 
added from the side arms of the Warburg vessels to the enzyme prepam- 
tions after 10 minutes equilibration at 38°. Enzymatic activity is expressed 
in units as proposed by Hogeboom and Adams (8); riz., 1 activity unit 
the amount of enzyme required to catalyze the absorption of 1 microliter of 
oxygen per minute by 1 mg. of appropriate substrate when oxidation ss 
proceeding at a maximal rate. In general 2.5 to 4.5 units of enzyme were 
used per Warburg vessel containing 3 ml. of reaction mixture. 

The definition of an enzyme unit as given above requires sume explansa- 
tion in the case of tyrosinase activity. It is well known that in the oxida- 
tion of tyrosine by tyrosinase there is usually a variable time interval (the 
“induction period"’) before oxygen uptake reaches a maximal rate. Caleu- 
lations of tyrosinase activity in units are, therefore, based upon rates dur- 
ing the time of active oxidation rather than over-all time. 

Ammonium Sulfate F ractionation —¥ ractionation with ammonium sulfate 
was attempted as described by Hogeboom and Adams (8). In a typical 
experiment, 18.5 gm. of melanoma tissue were ground with sand and 
Ringer’s solution for 10 minutes, followed by centrifugation at 1500 g.P.1. 
for 5 minutes to remove sand and cellular débris. The supernatant fluid 
contained 790 units of tyrosinase and 790 units of dopa oxidase activity. 
This was then centrifuged at 20,000 rp... for 10 minutes, and the precipt- 
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tate discarded. ‘The supernatant fluid at this point contained respectively 
210 and 230 units of tyrosinase and dopa oxidase activity. On treatment 
with ammonium sulfate solution to one-third saturation, the precipitate so 
obtained contained 70 units of tyrosinase and 95 units of dopa oxidase 
activity. The supernatant fluid was then brought to two-thirds saturation 
with ammonium sulfate. The resulting precipitate contained no apparent 
tyrosinase activity, 110 units of dopa oxidase activity, and the supernatant 
fluid was inactive. 


. tyrosine (0 
100 { 
“a” 
tyrosine (1 mg) 
ow 4 


Fic. 1. Tyrosinase and dopa oxidase activity of tumor fraction not precipitated 
by one-third saturated ammonium sulfate, but precipitated by two-thirds satu- 
rated ammonium sulfate. pH 6.8 and 38° 


Hogeboom and Adams stated that their crude tumor extract possessed 
much greater dopa oxidase activity than tyrosinase activity, and that they 
were able to separate tyrosinase from dopa oxidase by precipitation at one- 
third and two-thirds saturation respectively with ammonium sulfate. In 
our experiments equal tyrosinase and dopa oxidase activities were found in 
beth the crude tumor extract and in the fraction precipitated by one-third 
saturation with ammonium sulfate, and this latter fraction contained as 
much dopa oxidase activity as was found in the precipitate from two-thirds 
‘aturation with ammonium sulfate. In preliminary experiments it ap- 
peared that the fraction insoluble in two-thirds saturated ammonium sul- 
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fate solution did not have any tyrosinase activity. However, when small 
amounts of dopa were added to the tyrosine-enzyme reaction mixture, 
oxidation of tyrosine followed, as shown in Fig. 1. This finding is discussed 
in greater detail below. 

Ethanol Fractionation—Since the ammonium sulfate fractionation did 
not yield a preparation possessing only tyrosinase or dopa oxidase activity, 
ethanol precipitation at —5° was tried (11). The alcohol concentration 


I 
Fractionation of Melanoma Extract by Differential Centrifugation 


40.5 gm. of melanoma ground with sand and alkaline saline, centrifuged at 15M 
r.p.m. for § minutes and again for 10 minutes; the residue discarded in each case, 
to obtain supernatant solution So. 


Fraction Enzyme content Induction period = Nitrogen content 
Solution 1.0 4350 130 
Solution centrifuged at 2500 for min. 
Solution 8, 1.1 2060 16 9.2 
Ppt. P, 0.8 670 106 9.1 
Solution 8, centrifuged at 20,000 n.p.m. for 10 min. 
Solution 8, 1.3 1960 160 9.1 
Ppt. P; 0.7 810 102 9.9 
Solution 8 centrifuged at 20,000 n.p.m. for 90 min. 
Solution 8, 1.0 690 190 10.0 
Ppt. P; | 1.2 490 115 8.2 
Solution 8S, centrifuged at 20,000 ra.p.m. for 150 min. 
Solution S, 0.6 200 300 | 12.5 
Ppt. Ps 1.2 140 200 10.5 


was varied from 0 to 40 per cent and the pH from 4.7 to 8.0. No fractiona- 
tion could be obtained, since enzymatic activity was present in all the 
precipitates. 

Differential High Speed Centrifugation—-This was carried out on the 
crude tumor mince, in general by use of alkaline saline solution as de- 
scribed by Claude (12). Similar results were obtained with distilled 
water. The results of a typical centrifugation procedure are given i 
Table I, where enzymatic activity is expressed in terms of units as pre 
viously defined with 1 mg. of dopa as the substrate. The induction 
period is defined as the intercept on the time axis of an extension of the 
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slope of the oxidation rate curve when oxidation is proceeding maximally, 
and was determined with | mg. of tyrosine as the substrate and 3.2 en- 
zyme units of each of the various fractions. All the fractions were di- 
alyzed twice against 100 times their volume of cold distilled water for 
48 hours before use. 

It can be seen from Table I that, after centrifugation of the tumor 
extract for 20 minutes at 2500 r.p.m. and then for 10 minutes at 20,000 
R.P.M., the supernatant fractions contained more total activity and more 
activity per mg. of dry weight than did the precipitates. However, after 
further centrifugation, the precipitates were more active on a dry weight 
basis. The supernatant fluid remaining after 150 minutes centrifugation 
at 20,000 r.P.M. possessed less than 5 per cent of the original total activ- 
ity of the crude preparation; after 4 hours at this speed, the supernatant 
fluid was entirely inactive. 

After centrifugation of the various fractions, the precipitates usually 
showed a shorter induction period in the oxidation of tyrosine than did 
the supernatant fractions, even when the latter contained more activity. 
There appears to be a factor which concentrates in the precipitate frac- 
tions and which shortens the induction period. This factor does not ap- 
pear to be an enzyme, because it is stable to heat at 100° for 10 minutes 
at pH 6.8, and it is not “free dopa” because it is not removed by di- 
alysis. Further work on the nature of this factor is in progress. 

The nitrogen content of most of our fractions is about 10 per cent. This 
is similar to that found by Claude (12) for the cytoplasmic particulate 
material which he called microsomes. 

It is evident from the above results that, although the induction period 
in tyrosine oxidation could be changed by various fractionation procedures, 
none of the methods could be used to concentrate enzymatic activity. 
Therefore, it was decided to use an easily prepared working standard for 
additional studies on the mechanism of enzymatic action. Such prepara- 
tions were made as follows: Fresh mouse melanoma tissue was ground with 
sand and cold distilled water for 10 minutes. The mixture was placed in a 
Waring blendor at 5° for 10 minutes and then centrifuged at 3000 R.p.M. 
for 30 minutes. The black supernatant fluid was dialyzed twice against 
100 times its volume of cold distilled water for 48 hours. The final solution 
had approximately 4 times the volume of the original tumor tissue, and 
corresponds somewhat to Solution So in Table I. Preparations of this type 
were used in the studies which follow. 

Stability of Enzyme—The enzyme preparations are stable in solution at 
5° for 2 months with no apparent loss of activity. A slight loss of activity 
occurs after 6 hours at 38°. Heating the preparations for 10 minutes at 
70° results in complete inactivation. 

Lyophilization does not alter enzymatic activity. Such dried prepara- 
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tions remain active at room temperature for 1 month, and, when kept 
cold, for as long as, and possibly longer than, 10 months. 

Dialysis against water at 5° has no effect on the enzyme. 

Preparations may be kept in the cold in solutions ranging in pH from 
4.7 to 8.0 for 24 hours, without loss of enzymatic activity when the 
reaction is carried out at pI] 6.8. The addition of 0.1 mM acetate buffer at 
pH 4.7 to the enzyme preparation produces a precipitate containing all of 
the active material. 

Plant tyrosinase is inactivated during reactions with various hydroxy. 
phenyl compounds (1). The mammalian tyrosinase studied here does not 
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Fic. 2. Influence of temperature on the enzymatic oxidation of tyrosine and 
dopa by mouse melanoma extracts at pH 6.8. Curve a, time for 50 per cent 
oxidation of dopa; Curve 6, time for 30 per cent oxidation of tyrosine, including 
the induction period; Curve c, induction period alone in the oxidation of tyrosine. 


appear to be similarly inactivated. If dopa is added to a reaction mixture 
which has previously oxidized dopa to melanin, the rate of oxidation is the 
same as that of the original reaction. 

E ffect of Temperature on Reaction Rates—-In general, the rate of enzymatic 
oxidation of tyrosine and dopa increases with an increase in temperature 
(Fig. 2). An increase in temperature also shortens the induction period in 
the oxidation of tyrosine. The temperature coefficient for the enzymatic 
oxidation of dopa for the interval 27-37° is 1.2; for 37-47°, 1.7; and for 
47-57°, 1.8. This variation in the temperature coefficient indicates that the 
oxidation of dopa to melanin is not a simple reaction, as indeed Evans and 
Raper have amply demonstrated for plant tyrosinase (13). 
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Effect of pH on Reaction Rates -The optimum pH for the enzymatic 
oxidation of dopa is at about pH 6.8. It is difficult to evaluate the effect 
of pH on the enzymatic oxidation of dopa above pH 7.0 because dopa is 
readily oxidized under these conditions, even in the absence of enzyme. 
At pH 5.0, a marked decrease in the rate of oxidation occurs. 

The induction period in the enzymatic oxidation of tyrosine appears to 
be ata minimum at 6.8. At values above and below pH 6.8, the indue- 
tion period increases, becoming prolonged indefinitely above pH 8.5 and 
below pH 5.0. 

Effect of Substrate Concentration on Total Oxygen Uptake—-The total 
oxygen uptake during the reaction is directly related to the initial amount 
of tyrosine (or dopa) present. If the amount of substrate is increased 2- 
fold, the total oxygen uptake is likewise increased 2-fold. The total 
amount of oxygen required to oxidize tyrosine and dopa to melanin is 
dificult to determine with great precision. Our results indicate that 
each tyrosine and dopa molecule requires approximately 5 and 4 atoms 
of oxygen respectively for conversion to melanin. 

Induction Period in Tyrosine Oxidation—The concentration of tyrosine 
in the reaction mixture affects the induction period; the higher the tyrosine 
concentration, the longer the induction period. 

Dopa has an opposite and a more dramatic effect on the induction 
period. The higher the dopa concentration, the shorter the induction 
period. This was demonstrated by adding varying amounts of dopa to 
reaction mixtures of tyrosine and enzyme and observing the course of 
oxygen uptake. The results are illustrated in Fig. 3. If the induction 
period is defined as mentioned above, one finds a linear relationship be- 
tween the negative logarithm of the dopa concentration and the induc- 
tion period (Fig. 4). 

Identification of Dopa As an Intermediate in Tyrosine Oxidation by 
Mammalian Tyrosinase--Evans and Raper (13) have shown that when 
tyrosine is oxidized by plant tyrosinase dopa is an intermediate in the 
reaction. With the use of filter paper chromatography, we were able to 
show that dopa is an intermediate in the mammalian tyrosinase reaction 
also. The procedure of Consden, Gordon, and Martin (14) with phenol- 
water mixtures was used. 

The solutions to be chromatographed were prepared by adding 1 mg. of 
tyrosine to a dialyzed enzyme preparation having an induction period of 
approximately 35 minutes. The reactions were carried out in ordinary 
Warburg vessels at 38° and pH 6.8. Small amounts of the reaction 
mixtures were removed at 0, 15, 30, and 50 minutes for chromatographic 
analyses. At 50 minutes, the oxygen uptake was at a rapid and linear 
tate, and about 50 per cent of the total oxygen absorbed in a completed 
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Fic. 3. The effect of dopa on the induction period in the enzymatic oxidation of epar 
tyrosine by mouse melanoma preparations at pH 6.8 and 38°. Curve a, 0.5 mg. 
of dopa; Curve 6, 0.1 mg. of dopa + 0.4 mg. of tyrosine; Curve c, 0.05 mg. of dops 
+ 0.45 mg. of tyrosine; Curve d, 0.01 mg. of dopa + 0.49 mg. of tyrosine; Curve . 
¢,0.001 mg. of dopa + 0.50 mg. of tyrosine; Curve f, 0.50 mg. of tyrosine. uvity 
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Fic. 4. The relation of dopa concentration to the induction period in the enzy: 
matic oxidation of tyrosine by mouse melanoma preparations at pH 6.8 and 38°. 
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reaction had already been consumed. 0.02 ml. of the reaction mixtures 
and suitable controls of tyrosine and dopa were run in the usual manner 
on individual strips of filter paper (Whatman No. 1) 1.3 em. in width. 
After the chromatogram had been allowed to develop for 5 hours at 
room temperature, the filter paper strips were dried and sprayed with 
ninhydrin solution. Ninhydrin gives a red color with tyrosine and a 
reddish brown color with dopa. 

With the control solutions, tyrosine was found to concentrate at 9 to 10 
em. from the starting point and dopa at 5 to 7 em. No dopa could be 
detected in the 0, 15, and 30 minute specimens. The chromatogram from 
the 50 minute sample had a definite reddish brown spot at 5 to 7 em. from 
the starting point, and it seemed to be identical in position and color (but 
less intense) with the dopa controls. Unchanged tyrosine was evidenced 
by a typical red spot 2 to 3 cm. further along the filter paper strip. 


DISCUSSION 


In the past mammalian tyrosinase and dopa oxidase have been con- 
sidered to be distinct enzymes. The work reported here indicates that 
there is no necessity for postulating the presence of separate enzymes fot 
these two activities. Preparations from the Harding-Passey mouse mela- 
noma catalyze the oxidation of both tyrosine and dopa to melanin. Dopa, 
in addition to being oxidized to melanin, serves to diminish the induction 
period in the enzymatic oxidation of tyrosine. We were not able to 
vparate tyrosinase and dopa oxidase activity, although it was possible to 
prepare fractions with long induction periods in the oxidation of tyro- 
sine. Such fractions appear superficially to be free from tyrosinase ac- 
tivity; however, it was invariably possible to demonstrate that these 
fractions catalyze the oxidation of tyrosine rapidly and completely in the 
presence of small amounts of added dopa. For these reasons it is rec- 
ommended that the separate terms tyrosinase and dopa oxidase be aban- 
doned in favor of the single term tyrosinase to describe the enzyme (or 
enzyme complex) involved in the oxidation of both tyrosine and dopa to 
melanin. This concept is illustrated diagrammatically as follows: 


T yrosinase 


TYROSINE —» DOPA » (INTERMEDIATES) + MELANIN 
slow fast 
(Initially slow but mark- ™. 
edly accelerated by small 
amounts of dopa) 
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Differential centrifugation of extracts from the Harding-Passey mouse 
melanoma indicates that tyrosinase activity is associated with cellular 
fragments. Claude (12, 15) has shown that nuclei and mitochondria of 
cells from several different tissues can be removed as precipitates from 
tissue extracts by centrifugation at low speeds for 20 minutes and then at 
high speeds for 10 minutes. Prolonged centrifugation will separate small 
cytoplasmic particles known as microsomes. From our centrifugation 
data alone, it appears that the enzymatically active particles of our 
preparation are microsomes or particles the size of microsomes which 
were formerly parts of larger aggregates that were dispersed during the 
experiments. 

At present little is definitely known concerning the non-dialyzable, heat- 
stable substance in the crude tumor extracts that shortens the induction 
period in the oxidation of tyrosine. The possibility that this substance is 
dopa bound in a polypeptide chain should be considered. 

There are many similarities between tyrosinase from plant and mam- 
malian sources. Enzyme preparations from both sources catalyze the 
oxidation of both tyrosine and dopa to melanin, and dopa shortens the 


induction period in the tyrosine-tyrosinase reaction. Dopa is formed by | 
both types of enzymes when tyrosine is oxidized. Much work has been | 


done to determine whether or not plant tyrosinase is one enzyme or 4 
mixture of several enzymes. The comprehensive work of Dawson and 
Mallette (16) indicates that all known properties of potato enzyme prepa- 
rations may be explained in terms of a single entity. As stated previ- 
ously, the work reported here shows that no distinction can be made 
between mammalian tyrosinase and dopa oxidase. 

Plant and mammalian tyrosinases differ in some respects. Mammalian 
tyrosinase is associated with the particulate matter of cells and_ plant 
tyrosinase is not. Mammalian tyrosinase does not appear to be as readily 
inactivated during the course of a reaction as does plant tyrosinase. No 
quantitative relation has been found between the concentration of dopa 


and the induction period in the plant tyrosinase-tyrosine reaction, but a / 


definite relation between the negative logarithm of the dopa concentration 
and the induction period exists in the mammalian tyrosinase-tyrosine 


reaction. 


SUMMARY 


1. The preparation and properties of mammalian tyrosinase from the 


Harding-Passey mouse melanoma are presented. It is shown that the 
enzymatic activity is associated with cytoplasmic particles and is not 
true solution, at least in the type of tissue extracts ordinarily prepared. 

2. The enzymatic activities of these preparations against tyrosine and 
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dihydroxyphenyl-L-alanine (dopa) as substrates were studied. For the 
mammalian enzyme, it is shown that the prevalent distinction between 
tyrosinase and dopa oxidase is not valid under certain experimental condi- 
tions. It is recommended, therefore, that the term tyrosinase be used for 
this enzymatic activity instead of the separate terms tyrosinase and dopa 
oridase. 

3. Dopa shortens the induction. period in the enzymatic oxidation of 
tyrosine. A quantitative relationship exists between the dopa concen- 
tration and the induction period, 

4. Dopa is formed during the mammalian tyrosinase-tyrosine reaction. 
This was demonstrated by means of filter paper chromatography. 
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RATE OF EXCRETION OF RADIOACTIVE SULFUR AND ITs 
CONCENTRATION IN SOME TISSUES OF THE RAT 
AFTER INTRAPERITONEAL ADMINISTRATION 
OF LABELED SODIUM SULFATE 


By DOMINIC D. DZIEWIATKOWSKI* 
tHe AssisTance or Josern Dwek 


(From the Department of Biochemistry, School of Hygiene and Public Health, 
The Johns Hopkins University, Baltimore) 


(Received for publication, November 15, 1048) 


A study of the distribution of 5* in the rat, 14 to 16 hours after the in- 
traperitoneal administration of sodium sulfate, labeled with 5*, has been 
reported by Singher and Marinelli (1). Of particular interest is their 
observation that the highest concentration of the radioactive sulfur was 
found in the bone marrow. This observation stimulated us to deter- 
mine the change with time in the concentration of S*®, given as labeled 
sodium sulfate, in the bone marrow of the rat and torelate this changing 
concentration with the concentration in other tissues, particularly the 
blood. 

Only a brief report (2) was found in the literature on the excretion in 
urine of S*® ingested as sodium sulfate. The rate of excretion of S® in the 
urine and feces of rats after intraperitoneal injection of labeled sodium 
sulfate was, therefore, also determined. 


tAPERIMENTAL 


Adult rats, 180 to 330 gm. in weight, from the colony of Professor E. V. 
McCollum, were each given 1 mg. of sodium sulfate (in 1 ml. of distilled 
water), labeled with radioactive sulfur (S*),' by intraperitoneal injection. 
They were then placed in individual metabolism cages, with food and water, 
to allow for the separate collection of urine and feces. The cages had been 
so designed by Professor McCollum and his coworkers that there was a 
minimum of food spillage, and therefore contamination, of urine and 
feces with food. The rats were sacrificed at intervals of time, as fol- 
lows: A rat was anesthetized in an ether jar. The heart was exposed 
and as much blood as possible was withdrawn directly from the heart 


* Present address, The Rockefeller Institute for Medical Research, 66th Street 
and York Avenue, New York 21. 

'The S* used in this investigation was supplied by the Clinton Laboratories, 
Monsanto Chemical Company, and obtained on allocation from the United States 
Atomic Energy Commission. 
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with a hypodermic needle and syringe. A portion of the liver and the 
brain were then removed and placed in small vials. Weighed samples 
of these tissues, the feces collected in the time the rat sojourned in the 
metabolism cage, and 1 ml. of the blood were placed in separate nickel f 
crucibles, each of which contained 2 ml. of 10 per cent sodium hydroxide fi 
and 4 gm. of anhydrous sodium carbonate. The crucibles were placed in a 
a drying oven at 110-120° until dry. The dry material in each crucible 4 
was oxidized with sodium peroxide according to Bailey (3). 

The humeri, femurs, and tibiae were freed of muscle and periosteum. —u 

The epiphysis of each bone was cut off at its junction with the diaphysis. 
The diaphysis of each bone was then freed of its marrow by pushing the 
latter out with a stainless steel wire. This marrow was placed immedi- 
ately in a small screw cap vial and weighed. The residual marrow in the 
bone was wiped out by pushing through a small plug of moist cotton re- 
peatedly until no further marrow was in evidence. As a check, each bone 
was split and carefully examined. It was further cleaned, if necessary, 
by wiping with moist cotton. The bone shafts were combined and pow- 
dered in a stainless steel mortar with a stainless steel pestle. A weighed 
portion of the powdered bone was oxidized with Benedict-Denis rea- 
gent (4). 

The weighed bone marrow was extracted 3 times with at least 10 | 
times its weight of 5 per cent trichloroacetic acid in a centrifuge tube. 
Thecombined extracts and the residue were each neutralized with 10 
per cent sodium hydroxide, with phenolphthalein as an indicator, and 
then oxidized with Benedict-Denis reagent (4). 

The urine excreted by each rat was combined with the washings of the 
metabolism cage and diluted to a volume of 100 ml. The total sulfur in 
aliquots of the urine was oxidized to sulfate according to Denis (4). 

Before precipitation of sulfate from any sample as barium sulfate, 5 ml. 
of 0.05 N sodium sulfate solution were added to each sample so as to 
bring the final weight of barium sulfate to about 30 mg. Precipitation 
of barium sulfate was allowed to proceed for 16 to 20 hours at room F 
temperature. | 

All barium sulfate samples were isolated by centrifugation and, after | 
washing with distilled water in the centrifuge tubes, transferred to | Bor 
counting cups as slurries in 70 per cent ethanol as previously des — 4 | 
cribed (5). a 

The activity of each sample was determined with mica end window (28 . 
mg. per sq. cm.) Geiger-Miiller tube (Victoreen) and a Cyclotron Specialties 
scaler. At least two separate determinations of the activity of each sample | 
were made for a sufficiently long period of time to obtain a precision of 
about 2 per cent. All values were corrected for decay and self-absorption. 
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the RESULTS AND DISCUSSION 


Of the twenty-seven rats used, fourteen were males and thirteen were 
ckel females. ‘The points given in Figs. 1 to 3 are average values, calculated 
from results on four animals at 4 hours, three animals at 8 hours, four 
din animals at 16 hours, eight animals at 24 hours, and two animals each at 
sible «48, 72, 96, and 120 hours. 

Fig. 1 shows the rate at which the S* was found to be excreted in the 
sum, urine and feces of the rats. Approximately 67 per cent of the activ- 


16 
«10° counts/minute given 
1 the 
4 
bone 12}- 
sary, 
pow- 
ghed 3 
wa 1 mg, injected 
o----0 Urine 
th 10 x : 
and 
f the ' 
ur in 2H 
Hours 2040608010020 
Time after 3*° administration 


room Fig. 1. Excretion of S* in the urine and feces by adult rats after intraperi- 
toneal injection of labeled sodium sulfate. 


ter 
. to | ity injected was excreted in the urine by the end of the 24th hour. 
al Borsook et al. (2) could account for only 47 per cent at the end of 
44 hours in the urine of aman. The subject studied by Borsook et 
(28  %- ingested the labeled sodium sulfate by mouth. The rats studied by 
‘alties “STeceived the sodium sulfate containing S* by intraperitoneal injection. 
ample | This difference in the route of administration may account for the differ- 
ence in the fraction recovered at the end of 24 hours. On calculating 
ption the intake by the human subject and by the rats, assuming that the hu- 
man subject weighed somewhere within the limits of 45 to 90 kilos, one 
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arrives at an intake of approximately 9.8 to 19.7 mg. of sodium sulfate 
per kilo as compared to approximately 4 mg. per kilo by the rats. This 


difference in intake might also be considered as a possible explanation — 


for the difference in amount of S® found excreted in the urine within 
24 hours. One should, however, consider in addition a possible species 
difference as regards rate of sulfate excretion. 

By the end of the 120th hour after the administration of the labeled 
sodium sulfate, the activity of S® recovered in the urine accounted for 


approximately 85 per cent of the activity given. Approximately % 
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Fic. 2. Retention of S* in the blood, liver, and brain by adult rats after in- 


traperitoneal injection of labeled sodium sulfate. 


per centof the S* is accounted for at the end of 120 hours if the ac 


tivities found in the urine and feces are added. 

In Fig. 2 are presented curves showing the change in concentration o 
S" with time in the blood, liver, and brain. From these curves 
would seem that sulfate sulfur as such, when it enters the circulation 
or the liverin a normal rat, is rapidly eliminated from these tissues 
Whether the brain is similar in this respect or whether it slowly & 
cumulates S* presented to it as sulfate sulfur is difficult to say without 
extending the number of observations reported here. In any case, the 
concentration of S* in theliver and blood appeared to have reached 4 
similar concentration at about the 48th hour after the injection of the 
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9 injected intrapermitoneally 
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Hours 20 40 60 80 100 120 
Time after administration 
Fic. 3. Retention of S* in the bone and bone marrow by adult rate after in- 
traperitoneal injection of labeled sodium sulfate. 


Taste I 
Extent of S® Removal from Rat Bone Marrow by 3-Fold Extraction with5 Per Cent 
Solution of Trichloroacetic Acid 
A male rat, 355 gm. in weight, was used 24 hours after the intraperitoneal ad- 
ministration of 1 mg. of sodium sulfate, containing S5®* (154 X 10° counts per 
minute). The values for activity are corrected for radioactive decay and self- 
absorption. 


Sample 


counts per min. per gm. 


Ist three trichloroacetic acid extracts combined 4960 
4th trichloroacetic acid extract 0-10 
Three alcohol-ether (1:3) extracts combined 64 


Residue .. 793 


labeled sulfate. A similarity in the concentration of S*® in the brain 
and blood, from the observations thus far made, was more slowly at- 
tained; a similar concentration was reached at about the 72nd hour. 

In contrast to the rapid fall of the S* concentration in blood and 
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liver, after intraperitoneal injection of labeled sodium sulfate, is the 
pronounced rise in the concentration of S*® found in bone and bone 
marrow (Fig. 3). The highest concentration in the bone was observed 
at about the Sth hour, that in the bone marrow at about the 24th 
hour after injection of the labeled sodium sulfate. The subsequent 
drop in the S*® concentration in these tissues is also less rapid, par- 
ticularly in the bone marrow. Even at the end of 120 hours, on a 
weight basis, the S*® concentration is about 2 times as high in the 
bone and nearly 12 times as high in the bone marrow as in the blood. 
The observations confirm the report of Singher and Marinelli (1) that 
the concentration of S™, after administration of labeled sodium sul- 
fate, is higher in bone marrow than that found in most of the 
other tissues of the rat. The major portion of the activity found 
in the bone marrow is in a compound or compounds which are sol- 
uble in a 5 per cent solution of trichloroacetic acid. That a 3-fold ex- 
traction of bone marrow with a 5 per cent solution of trichloroacetic 
acid, as employed, was effective in removing all or nearly all of the 
S*-containing material, which was soluble in this solution, is indicated 
in Table I. Further work on the characterization of the materials con- 
taining S* in the various fractions listed in Table I is contemplated. 


SUMMARY 


The excretion by rats in urine and feces of S*® given in the form of 
sodium sulfate appears to be rapid. Excretion by these routes ac- 
counts for the major portion of the S*® given. By the end of the 
120th hour approximately 95 per cent was found to have been elimi- 
nated by these routes. 

In the period of 120 hours the concentration of S*® in the blood, 
liver, and brain was found to have fallen to relatively low levels. A 
similar concentration of S® in the blood and liver was attained by 
the 48th hour, in the blood and brain by the 72nd hour. 

In contrast to the rapid fall observed in the liver and blood, the 
concentration of the °™ was found to increase until about the 8th 
hour in bone and until about the 24th hour in bone marrow. The 
subsequent fall in the S® concentration of the bone and bone marrow 
was also slower than that in blood, liver, and brain. 
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LERACENTRIFUGATION OF TYPOPTIYSEAL GROWTH 
HORMONE 


TAO LE ano MOSKOWTTZ 


(From the ater anf | pe nial Biology, and the partine ni at ("hie 
rsily of Califor nid, Berkel y) 


tecerved publication, Oetober 13, 104s) 


The isolation of the growth hormone from ox pituitaries has recently 
been described (1). Tt was tound that the preparation behaves as a single 
component in diffusion, electrophoresis, and solubility experiments (1, 2). 
For further characterization of the hormone ultracentrifugal experiments 
have been made and the results are reported here. 


Fig. 1. The Svensson schlieren patterns of hypophyseal growth hormone, taken 


at 1020 second intervals during sedimentation at 165,000 % gin an ultracentrifuge. 


Sedimentation velocity. Was measured in a Spinco ultracentrifuge! op- 
erating at 165,000 *& yg. The hormone solutions (0.5 per cent) were pre- 
pared with borate buffer of 9.7 or saline at pH “Pable presents 
atypical run ina borate buffer; the sedimentation velocity constant was 
ealeulated by the procedure described by Svedberg and Pedersen (3). It 
mav be noted that the individual values of so) calculated at 1920 second 
intervals agree to within 3 per cent. The Svensson schlieren diagrams 
shown in Fig. | indicate that the hormone is essentially monodisperse. 
As shown in Table TL, the average sedimentation constant, corrected as 


* Aided by grants from the American Caneer Soerty through the Committee on 
Growth of the National Researeh Couneil, the United States Publie Health Service, 
contract Noo RG Wo, and the Research Board of the University of California, 
Berkeley, California 

Manufactured by the Specialized Instruments Corporation, Belmont, California, 
We wish to thank Dr. M. Calvin for his kindness in putting the instrument at our dis- 
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HYPOPHYSEAL GROWTH HORMONS 


occurring in pure Water at 20). trom three experiments two different 
solvents, Was @ em. per second per unit treld. 

From the sedimentation constant, «=. and the diffusion constant, 1), the 
molecular weight, WV. may be caleulated by the familiar equation, Wo = 


Tanase 
Caleulation of Sedimentation Constant of Growth Hormone 
Protean coneentratoon, 5.0 mg. perce... tine mtervals between CNP 


solvent, borate buffer, pil “7 


(teers ation No in tw’ Ww 
» imo 3.4 
“6.12 3 3.5 
5 35 3.5 


Il 
Sedimentation Constant af Growth lution 


Protein coneentration, 50 mg. yer 


bageriment Neo Temperature x x 
il Borate buffer, 7 7.1 3.6 
1\ Saline. pll Ww? 3.6 30 
Average 3.1 
Tanee 
Mol wt 
pressures 
Minimum by analvei 


itracent rfugation 
* For other values, see La ui 


RTs DA—Vp), where isthe gas constant, T the absolute temperature, 
the partial specific volume, and p the density of the solvent. Using the 
earher determinations of 1 and Vo(2), we have computed the molecular 
weight of the growth hormone to be 44,000, which is in fair agreement with 
that obtamed by other methods (Table TID). 
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SUMMARY 


The anterior hypophyseal growth hormone isolated from ox pituitaries 
was found to be essentially monodisperse in the ultracentrifuge and had a 
sedimentation constant, 8.» = 3.1 * 10-" cm. per second per unit field. 
The molecular weight was calculated to be 44,000. 
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THE USE OF AMINIZED AND PHOSPHORYLATED COTTON 
FABRICS AS ION EXCHANGE MATERIALS IN THE 
PREPARATION OF OIL SEED PROTEINS 


By CARROLL L. HOFFPAUIR ano JOHN D. GUTHRIE 
(From the Southern Regional Research Laboratory,* New Orleans) 


(Received for publication, October 28, 1948) 


Protein from oil seed meal is usually prepared by dispersing the protein 
at a pH more basic than its isoelectric point, separating the undispersed 
material, and precipitating the protein by lowering the pH to about the iso- 
electric point. The increase in pH is ordinarily accomplished by addition 
of base to the meal suspension, while lowering of the pH is effected by addi- 
tion of acid, frequently sulfurous acid, or by the “self-souring process” in 
which acid is produced by microorganisms. The work to be reported 
shows that the required shifts in pH may be accomplished by use of ion 
exchange materials and that ion exchange materials prepared from cotton 
fabric are particularly convenient for this purpose. Protein preparations 
made in this way are low in ash and phosphorus content because of removal 
of ions in the process. 


EXPERIMENTAL 


Most of the experiments were made on peanut meal produced by ex- 
tracting ground, red skin, Spanish type peanut kernels with commercial 
pentane in a large Soxhlet extractor. A few were made on solvent-ex- 
tracted cottonseed meal prepared by a process which removes most of the 
pigment glands (1). Another starting material was a sample of crude 
peanut protein that had been prepared from solvent-extracted meal from 
red skin peanuts as previously described (2). It contained 16.65 per cent 
nitrogen, 1.71 per cent ash, and 0.53 per cent phosphorus on the dry weight 
basis. 

The anion exchange materials used to increase the pH of the meal 
suspensions were aminized cotton fabric' (3), Amberlite IR-4-B, and De- 
Acidite* They were regenerated by treatment with 5 per cent sodium 
hydroxide solution for 10 minutes. The excess alkali was removed by 


* One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 

' This material may be prepared by wetting cotton fabric with a solution contain- 
ing 25 per cent sodium hydroxide, 10 per cent 2-aminoethylsulfuric acid, and 65 per 
cent water, heating in a drying oven for 40 minutes at 100°, and washing thoroughly. 

* The mention of trade products does not imply that they are endorsed or recom- 
mended by the Department of Agriculture over similar products not mentioned. 
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washing with successive portions of distilled water, allowing each portion to 
remain in contact with the exchange material for several minutes. This 
washing was continued until the pH of the wash water was less than 6.0. 
The cation exchange material used to reduce the pH of the protein 
dispersions in most of the experiments was phosphorylated cotton fabric 
prepared by the urea-phosphoric acid method (4). Its use as an ion ex- 
change material has been previously investigated (5). Amberite IR-100 
and Zeo-Karb Hl were also used, but it was necessary to pack these in a 
suitable length of Visking casing. Owing to the enclosure in this mem- 
brane, about 40 hours with mechanical stirring or 4 to 5 days without 
stirring were required to effect the necessary pH change, while with phos- 
phorylated cloth placed directly in the dispersion the maximum effect was 
obtained in about 20 minutes. The materials were regenerated by treating 
them with 5 per cent hydrochloric acid solution for 10 minutes, and washing 
repeatedly with distilled water until the pH of the washings was above 
3.0. The complete removal of excess acid was further verified by de- 
velopment of a pink color on addition of a drop of phenolphthalein indicator 
and a drop of 0.1 N sodium hydroxide solution to 50 ml. of the wash water. 
In a typical experiment, 100 gm. of solvent-extracted peanut meal were 
suspended in 900 ml. of water with mechanical stirring. The pH of the 
suspension was 6.60. A piece of regenerated aminized cotton fabric (0.41 
per cent nitrogen), weighing 18 gm., was added and mechanical stirring 
continued for 20 minutes, at which time the pH had increased to a con- 
stant value of 6.95. The fabric was freed of as much of the suspension 
as possible and replaced with a 20 gm. piece of fabric. After stirring 
for 20 minutes the pH had risen to 7.48, when the material was replaced 
with an 18 gm. piece of fabric which raised the pH to 7.80. After the 
last piece of fabric was removed, the meal suspension was centrifuged 
and the supernatant liquid filtered. The filtrate was then treated with 
successive pieces of phosphorylated cotton fabric (4.6 per cent phos 
phorus) while stirring until the pH was reduced to 4.5. As each piece of 
fabric was removed from the protein dispersion, it was squeezed and then 
rinsed in water to remove as much of the adhering protein as possible. 
A total of 25 gm. (five 5 gm. pieces) of phosphorylated fabric was re- 
quired. After the last piece of fabric had been removed, the precipitated 
protein was separated by centrifugation, washed once with water, twice 
with ethanol, and dried in a vacuum oven at 40°. The yield of protein 
with the fabrics was 29 per cent of the weight of the meal, while a 


* This material may be prepared by wetting cotton fabric with a solution con- 
taining 49.6 per cent urea, 18.4 per cent phosphoric acid, and 32 per cent water, squeez- 
ing out the excess solution, heating the fabric for 30 minutes at 150°, and washing 


thoroughly. 
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control preparation made with sodium hydroxide and sulfur dioxide 
yielded 32 per cent. 

The dispersion of protein from cottonseed meal requires a considerably 
higher pH than does that from peanut meal. The highest pH obtainable 
with cottonseed meal suspensions was 9.0 with aminized cotton fabric. 
Consequently, in preparing protein from cottonseed meal, the residue from 
the treatment with aminized fabric was dispersed further with dilute 
sodium hydroxide to produce an additional fraction. Since the pH values 
obtained with Amberlite IR-4-B or De-Acidite were considerably lower, 
these materials were unsatisfactory for the preparation of cottonseed pro- 
tein. 


Taste I 
Per Cent Ash, Phosphorus, and Nitrogen of Protein Prepared from Peanut Meal 


Method of precipitation 


Method of dispersion | Sulfur diovide Phosphorylated fabric 
Ash Ash | N 
Sodium hydroxide, pH 7.9... 0.40 17.3 0.33 0.40 17.1 
Aminized fabric 0.13 17.5 0.22 | 0.20) 17.5 
| 0.13 0.09 17.1 
De-Acidite, pH 7.5.........| 0.24 0.18 17.1 0.23 0.22 16.9 
Amberlite IR-100, pH 7.5 0.34 0.43 16.9 0.40 0.48 | 17.1 


* pH 8.0 with aminized fabric, to pH 4.1 with phosphorylated fabric, and back to 
pH 4.5 with aminized fabric. 

? pH 8.5 with aminized fabric, to pH 3.9 with phosphorylated fabric, then to pH 
6.65 with aminized fabric, and back to pH 4.5 with phosphorylated fabric. 


Before analysis, the dried proteins were equilibrated in the air and 
ground to a fine powder. Moisture was determined by drving for 2 hours 
in a forced draft oven at 130°. To obtain ash values, samples were charred 
at 250° and ignited at 600° for 4 hours in a pyrometer-controlled electric 
muffle. Phosphorus was determined by the reduced molybdate method 
after digestion with sulfuric acid and hydrogen peroxide (6). Nitrogen 
determinations were made by the Kjeldahl method with mercury as a 
catalyst. All values given in Tables I to III are on a moisture-free basis. 


RESULTS AND DISCUSSION 


Analytical results on several samples of protein prepared in different 
ways from solvent-extracted peanut meal are shown in Table I. The com- 
mercial anion exchange resins did not raise the pH to the desired value of 
7.8, but the proteins made with De-Acidite were lower in ash and phos- 
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phorus than the control proteins dispersed with sodium hydroxide. Amin- 
ized cotton fabric was quite adequate in increasing the pH of the meal 
suspension and produced protein preparations very low in ash and phos- 
phorus and high in nitrogen. 

Similar results are shown in Table II for preparations made by redis- 
persing and reprecipitating a crude sample of peanut protein. In these 
experiments the aminized fabric increased the pH to only 6.6, owing to re- 
moval of nearly all the anions. The dispersion of the protein remaining 
in the residues was completed by adding dilute sodium hydroxide solution 
to obtain pH 7.8. The preparations made with the ion exchange fabrics 
were very low in ash and phosphorus and high in nitrogen. 


Taste Il 
Analysis of Samples Made from Crude Peanut Protein 
Dispersion | Precipitation | Analytical values 
| 
6.6 | Sulfur dioxide 4.4 0.74 | 0.82 | 17.3 
Residue from above, | 
4.5 0.63 0.38 16.9 
Aminized fabric........... 6.6 0.14 0.06 17.9 
Residue from above, | | | 
“4.5 0.18 0.07 17.8 
6.6 Phosphorylated fabric | 4.5 0.64 | 0.76 17.4 
Residue from above, | | | 
“ “ 0.33 | 0.56 | 16.9 
Aminized fabric. ...... 6.6 0.08 0.04) 183 
Residue from above, | | 
7.8 “ “ 4.4 0.10 0.09 18.5 


Results obtained with cottonseed meal are given in Table III. The 
ash and phosphorus contents of the preparations of cottonseed protein 
made by use of the ion exchange fabrics were higher than in the correspond- 
ing preparations from peanuts, but were lower than in cottonseed pro- 
tein preparations made with sodium hydroxide and sulfur dioxide. 

Aminized cotton fabric was the most satisfactory anion exchange ma- 
terial for the preparation of protein, since a higher pH could be obtained 
with it and the ash and phosphorus content of the preparations were 
lower than that obtained with either of the commercial anion exchange 
resins. Phosphorylated cotton fabric was the most rapid and conveniently 
used cation exchange material because it did not have to be enclosed in 4 
membrane. All of the ion exchangers gave satisfactory yields of protein, 
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although somewhat smaller than were obtained with sodium hydroxide 
and sulfur dioxide. 

Considerable quantities of yellowish brown-colored substances attached 
themselves to the aminized fabric during the dispersion of both peanut 
and cottonseed protein. Some of these substances were removed on re- 
generation of the fabric, but others remained fixed on the cloth. It 
seemed possible that this removal of colored substances by the aminized 
cloth would improve the color of solutions of protein so prepared. How- 
ever, alkaline solutions of peanut protein prepared by means of aminized 
cotton fabric were as dark as those from proteins prepared with sodium 
hydroxide. 


Taste Ill 
Analysis of Protein Preparations Made from Cottonseed Meal 
Dispersion | Precipitation Analytical values 


| 
| | per cont 


9.0 Sulfur dioxide 4.1) 2.60 1.14 15.8 
Residue from above, | 

= 4.4 0.93 | 0.62 | 17.0 
Aminized fabric............ 9.0 4.1 | 1.21 | 0.99 | 13.7 
Residue from above, 

4.4 0.86 | 0.65 | 16.2 
NaOH.....................| 9.0 Phosphorylated fabric | 4.1 | 1.99 | 1.09 | 16.0 
Residue from above, | 

10.5 4.5 | 0.55 | 0.89 | 16.1 
Aminized fabric. ......... 9.0 “ “| 4.2) 0.88 | 0.69 | 13 
Residue from above, | 

10.5 4.4 | 0.13 | 0.35 | 18.0 


The low phosphorus content of proteins prepared by use of aminized 
fabric indicated that the phosphorus compounds were combining with the 
fabric. This was verified by analyzing a piece of aminized fabric which 
had been used to disperse crude peanut protein and subsequently thoroughly 
washed. It was found to contain 0.29 per cent phosphorus, while a piece of 
fabric that had not been aminized but exposed in the same way to crude 
peanut protein contained no phosphorus. Aminized fabric which has not 
been used for the preparation of protein does not contain any phosphorus. 


We are indebted to Vidabelle O. Cirino and Harry E. Conrad for the 
nitrogen and phosphorus determinations. 
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SUMMARY 


Protein preparations low in ash and phosphorus content may be made by 
the use of anion exchange materials to increase the pH of oil seed meal 
suspensions and cation exchange materials to reduce the pH of the protein 
dispersion to the isoelectric range. Preparations very low in ash and phos- 
phorus may be obtained by the alternate use of aminized cotton fabric 
and phosphorylated cotton fabric until deionization is almost complete 
prior to separation of the protein curd. The method is also useful for the 
purification of protein preparations made by the usual methods. While 
commercial ion exchange resins may also be used, the results with the 
fabrics have been better. The fabrics are also more convenient and are 
readily recovered and regenerated. 
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PREPARATION OF RADIOACTIVE IODOCASEIN* 


By C. F. HAMILTON, MARSCHELLE H. POWER, anv A. ALBERT 
(From the Mayo Clinic and Mayo Foundation, Rochester, Minnesota) 


(Received for publication, September 2, 1948) 


We have recently prepared iodocasein containing radioactive iodine 
(I) for use in studies, to be described in detail elsewhere, on the metab- 
olism of calorigenic substances in human beings. The procedure followed 
was, in general, that of Reineke and Turner (1, 2) except for modifications 
necessitated by the incorporation and handling of I". These modifica- 
tions shorten the procedure somewhat and aid in obtaining conveniently a 
product having sufficient specific activity and biologie potency. It is 
the purpose of the present paper to describe the preparation and proper- 
ties of the radioactive iodocasein so obtained.! 


Methods 


Chemical Analyses. Tyrosine—After hydrolysis of the protein accord- 
ing to the method of Bhagvat and Sreeramamurthy (4), tyrosine was 
determined by the method of Folin and Marenzi (5). 

Todine--The method of Shahrokh (6) was used with the following 
changes: (1) In lieu of the transfers originally described, the entire 
procedure was carried out in a 100 ml. Kjeldahl flask marked at a 15 ml. 
level. (2) Phenol, which is added just prior to titration, was omitted, 
since its use led to lower iodine values. (3) Glass beads were substituted 
for pumice, leading to a clearer and sharper end-point. 

Thyrorine-——Hydrolysis with barium hydroxide and distribution of 
thyroxine in butanol was effected according to the procedure of Roche and 
Michel (7). The purified butanol extract was analyzed for iodine, as was 
done by Reineke and coworkers (8) in their studies of thyroxine in iodinated 
casein, and the resulting value was converted to thyroxine by means of 
the factor 1.529. 

Biologic Analysis--The methods of Deanesly and Parkes (9) and of 
Hamilton, Albert, and Power (10) were employed. 

Radiologic Analyses 0.2 ml. aliquots of solutions containing radioac- 
tive iodine were dried on copper planchettes with 0.1 ml. of silver nitrate 


* Abridgment of part of a thesis submitted by Dr. Hamilton to the Faculty of the 
Graduate School of the University of Minnesota in partial fulfilment of the require- 
ments for the degree of Master of Science in Medicine. 

' After completion of our work, Frieden, Lipsett, and Winzler (3) also reported 
the use of the method of Reineke and Turner (1, 2) for the preparation of radioiodo- 
casein. 
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containing | mg. of silver per ml., and counted with a 3-ray Geiger counter 
in connection with a scaling circuit (Autoscaler, Tracerlab, Inc., Boston. 
Massachusetts). Counts were corrected for decay and self-absorption 
when necessary, and expressed usually in terms of per cent of radioactivity 
originally involved in a given experiment or operation, by means of com- 
parison with a simultaneously counted pilot of the sample of ['' used. 
Reagents -Borden’s Labco (vitamin-free) casein containing 4.9 per cent 
tyrosine was used. I" was obtained from the Clinton Laboratories, Oak 
Ridge, Tennessee, in carrier-free solution. The solution was adjusted to 
pH 8.0, calcium chloride was added to precipitate oxalate, sodium iodide 
was added as carrier, and the solution was diluted so that 1 ml. contained 5 
+ of sodium iodide and 500 microcuries of I. Other reagents used were 


I 
Summary of Siz Preparations of Radivactive lodocasein 
Amounts used Analyses of product 
Preparation Total Percent Per cent 
Casein organic Thyroxine per Specie 
total total 1 used 
microcuries om. percent per cont 
I 00 | 2 5.2 2.0 26 31 29 0.02 
J 2.5 33 45 35 0.06 
kK 5.4 2.8 34 7 28 0.08 
L 150 l 6.0 2.6 2 22 2s 0.05 
M | 6000 i 3.0 35 52 24 2.8 
N | 00 05 63 33 35 34 38 3.00 
Average. _ 5.5 2.7 33 37 30 
sodium bicarbonate, 10 per cent nitric acid, 10 per cent sodium nitrite, 


0.2 m acetate buffer at pH 4.6, aldehyde-free ethyl alcohol, and colloidal 
manganese oxides prepared according to the method of Friedemann and 
Kendall (11). 


EXPERIMENTAL 


Sufficient sodium iodide to provide 4 atoms of iodine per mole of tyro- 
sine plus an excess of 30 per cent to allow for loss in the liberation of iodine 
was dissolved in 5 ml. of water containing the desired amount of I (vary- 
ing from 100 to 6000 microcuries). The solution was placed in a 50 ml. 
iced centrifuge tube shielded by lead bricks. Iodine was liberated in the 
usual manner by nitric acid and sodium nitrite. After centrifugation in 
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the cold, the iodine crystals were washed twice with 5 ml. of ice-cold water. 
To the elementary iodine was added a 2.5 per cent solution of casein in | 
per cent sodium bicarbonate containing 10 ml. of colloidal oxides of man- 
ganese per gm. of casein. The mixture was agitated in a cradle rocker at 
70° for 18 to 20 hours. After incubation, the mixture was adjusted to 
pH 4.6 with hydrochloric acid and centrifuged. The precipitate was 
washed twice with acetate buffer at pH 4.6 and once with alcohol, and was 
dried. The entire procedure was carried out within 24 hours. 


Il 
Characteristics and Comparison of lodocaseins with Desiccated Thyroid 
Total | Per cent Average 
Preparation organic Thyroxine 
total 
per cent per cont ane. 
lodocasein (Protamone)t.... 7 a 5.8 3.3 36 0.4 
(Preparation C)f.. 6.2 2.5 26 0.5 
( M)§.. 5.0 3.0 38 0.2 
( N)§... 3.3 | 35 0.3 
| 27 0.9 


Desiccated thyroid (strong) .. | 1.0 0.4 


* Median effective dose. 
t Cerophyl Laboratories, Inc., Kansas City, Missouri. 
t Non-radioactive, prepared as in the text. 

§ Radioactive, cf. Table I. 

| Parke, Davis and Company, Detroit, Michigan. 


Results 


Six preparations were made. The pertinent data are shown in Table I. 
Losses of radioactivity were determined at each step in the procedure. 
The over-all recovery of I in the final dried product averaged 30 per 
cent. The incubation mixture contained 70 to 85 per cent of the original 
activity, indicating a 15 to 30 per cent loss during the preparation of free 
iodine, its addition to the casein solution, and the period of incubation at 
70°. Only a small portion of this loss, however, was found by direct esti- 
mation. The combined supernatant and buffer washes of the isoelectric 
precipitate accounted for a loss of 46 per cent and the alcohol wash ac- 
counted for a loss of 1.5 per cent. One batch was prepared by the original 
method of Reineke and Turner (2) which utilizes prolonged dialysis of the 
incubation mixture. The yield of I was not different from that de- 
scribed, indicating that the isoelectric procedure is as effective in removing 
occluded iodide as the dialysis method and has the advantage of con- 
suming less time. 
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The average content of total organic iodine of the iodocasein was 5.5 
per cent and the thyroxine content was 2.7 per cent. The proportion of 
thyroxine I['” to total I' was 33 per cent, with which the radioactive 
analyses agreed well (37 per cent of the total I" was thyroxine I"). The 
specific activity of the compound, of course, varied with the amount of 
both I and casein used, and can be, therefore, altered to suit the par- 
ticular purpose in mind. For studies on human subjects a physiologic 
dose of iodocasein was calculated to be 60 mg. per day on the basis of 
equivalence of physiologic action as compared with desiccated thyroid. 
Since 100 to 200 microcuries at the time of administration in man can be 
followed conveniently by present counting equipment, a preparation con- 
taining 2 to 3 microcuries per mg. was considered optimal for human sub- 
jects. This can be readily achieved in any reasonable amount with 12 
millicuries of I" per gm. of casein. 

A comparison of the properties of two preparations of radioiodocasein of 
highest specific activity, a single non-radioactive preparation, a commercial 
brand (Protamone) prepared according to the method of Reineke and 
Turner (2), and desiccated thyroid is given in Table II. The total iodine 
and thyroxine of all iodocaseins are similar, as is their biologic activity. 
Desiccated thyroid, however, while containing about the same ratio of 
thyroxine iodine but much less total iodine, was found to be slightly less 
than half as active as the artificial iodoproteins. 


SUMMARY 


A procedure for the preparation of radioactive iodocasein of sufficient 
radioactivity and biologic activity for use in physiologic amounts in human 
metabolic studies is described. 
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THE EFFECT OF ZINC-HYDROCHLORIC ACID HYDROLYSIS 
ON THE ESTROGENS IN HUMAN URINE* 


By BENJAMIN F. STIMMEL 
(From the Laboratory of the Rees-Stealy Medical Research Fund, Ltd., San Diego, 
California) 
(Received for publication, September 8, 1948) 


Smith and Smith (1) reported that boiling of human female urine for 3 
hours with 4 gm. per cent of zinc dust and 15 volumes per cent of hydro- 
chloric acid resulted in a marked increase of estrogen potency over that 
acquired by optimum conditions of simple acid hydrolysis; namely, 10 
minutes boiling with 15 volumes per cent of hydrochloric acid. They were 
unable to account for all of the increased estrogenic potency by conversion 
of estrone to a-estradiol and more complete hydrolysis and they therefore 
postulated the occurrence in human urine of certain non-estrogenic com- 
pounds closely related to the estrogens (estrone, a-estradiol, and estriol), 
which were rendered estrogenic by hydrogenation (2). Pincus and Pearl- 
man (3) have obtained evidence for the presence of an additional estrogen 
in human pregnancy urine which is ketonic and contains a hydroxyl group 
other than the usual phenolic one. The same type of estrogen recently 
was reported (4) as being present in human and rabbit blood. The syn- 
thesis of two more highly oxygenated estrogens related to estrone and 
a-estradiol has been accomplished (5), and the suggestion has been made (6) 
that these (16-ketoestrone and 16-keto-a-estradiol) may be the compounds 
postulated by Smith and Smith. Since previous work (7) from this labo- 
ratory has given some chemical (colorimetric) confirmation to the hypoth- 
esis of Smith and Smith, it was felt that further information on the effects 
of the hydrolytic technique on the known natural estrogens and on the 
newly synthesized estrogens might further our knowledge concerning the 
possible presence of additional estrogens in the urine. 

We now present data on the effects of the hydrolytic process as derived 
by our procedure for the fractionation and photometric estimation of uri- 
nary estrogens (8) which show that zinc-hydrochloric acid hydrolysis of 
the estrogens in human urine (a) converts the major portion of estrone to 
estradiol, (b) yields estradiol titers which are higher than can be accounted 
for by mere conversion of estrone to estradiol, and (c) yields estriol titers 


* This investigation was aided by a grant from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 

Part of the material in this paper was presented at the meeting of the Federation 
of American Societies for Experimental Biology at Atlantic City, March 16, 1948 
(Federation Proc., 7, 193 (1948)). 
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which appear higher than can be accounted for by more complete hydrol- 
vsis. The effect of hydrolysis on known natural estrogens and on one of 
their conjugates (sodium estrone sulfate) does not satisfactorily account 
for these observations. The data derived from the addition of 16-keto- 
estrone and 16-keto-a-estradiol to estrogen-free (male) urine before hy- 
drolysis appear to offer a satisfactory explanation. 


EXPERIMENTAL 


Collection and Preservation of Urine—The human pregnancy urine was 
collected over a 24 hour period without preservative and was utilized on 
the following day. If pooled human pregnancy urine or pooled human 
male urine was required, collection and storage was made with toluene. 

Hydrolysis and Extraction —The urine was extracted, chromatographed, 


TaB_e I 
Estrogen Titer of Human Pregnancy Urine 


Aliquot B 
Aliquot A (400 ml), 3 hrs. 
(400 ml.), 10 refluxing, 15 Aliquot B 


min. refluxing, vol. per cent —— 
iS vol. per cent HCl + 4 gm. Aliquot A 
HCI added per cent zinc 


dust added 
Y 
Estrone | 340 35 
210 11S0 
Estrone + estradiol |. 550 1215 2.0 


Estrone + estradiol + estriol. 3750 FOS 


and the titer determined as previously described (8), except that the buty! 
alcohol extraction was omitted and the hydrolyzed urine was extracted 
with an ethyl ether-toluene mixture (9:1). This extract was concentrated 
to a convenient volume and separated into neutral and phenolic fractions 
(8). Wherever the L-520 mu to L-420 my ratio of our Kober color product 
fell below 6.0, our color correction equation (9) was utilized. 


RESULTS AND DISCUSSION 


The typical colorometric estrogen data on human pregnancy urine as 
derived by simple hydrochloric acid hydrolysis and the zinc-hydrochloric 
acid technique of Smith and Smith are summarized in Table I. Each 
urine aliquot after hydrolysis was processed in identical fashion, so that 
any difference in estrogen titer must be attributed to the hydrolytic tech- 
niques under investigation. Zinc-hydrochloric acid hydrolysis of human 
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pregnancy urine caused almost complete depletion of the estrogen in the 
estrone fraction and yielded an estrogen titer in the estradiol fraction 
(calculated as a-estradiol) which was 2.2 times as much as the combined 
estrone and estradiol fractions by simple hydrolysis. The absence of 
estrone from the estradiol fraction was verified with the Zimmermann 
test (10). It is obvious that factors other than merely conversion of 
estrone to estradiol are involved when the zine-hydrochloric acid hy- 
drolytic technique of Smith and Smith is employed. 

In order to test the hypothesis that more complete hydrolysis may ac- 
count for the augmented estrogen titers obtained by zinc-hvdrochloric 
acid hydrolysis, a number of experiments were performed in which the 
residual urine after simple hydrochloric acid hydrolysis and ether extrac- 
tion was rehydrolyzed by the zince-hydrochloric acid technique. Data 


Taste Il 


Estrogen Titer after Butanol Extraction of 24 Hour Urine Specimen and 
Hydrolysis of Aliquots of Extract 


Estrogen titer 
Aliquot Conditions of hydrolysis ai Estrone 
Estrone | Estriol 
diol 
Y Y 
A 15 vol. “| HC] + 4 gm. % zine 220 «1500 1720) S700 
B, 5 © (10 min. refluxing) 360 BOO 
B, B, rehydrolyzed with zine 46 640 686 1000 
Total estrogen titer, B, + B, 406 =890) 1296) 6000 
B, + b, or 
» 40 76 69 
| A 


typical of these experiments are summarized in Table II. In this experi- 
ment, a preliminary butyl alcohol extraction of the unhydrolyzed urine 
was performed as described in a previous publication (8), and the hy- 
drolytic techniques were performed on aliquots of the aqueous extract of 
the residue from evaporation of the butyl alcohol. The Zimmermann 
test on the estrone fraction of Aliquot A gave a titer of 96 y. The sig- 
nificantly higher titer of 220 y obtained with the Kober reagent would 
suggest that the estrone fraction is contaminated with estradiol, presum- 
ably due to the limitations of the chromatographic fractionation procedure, 
in the presence of relatively large amounts of estradiol. Rehydrolysis by 
the zinc-hydrochloric acid technique of the urine extract (Aliquot B) fol- 
lowing simple hydrochloric acid hydrolysis and extraction yielded an es- 
trogen titer in the combined estrone-estradiol fractions even larger than 
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those obtained by the initial simple hydrolysis. However, the combined 
estrogen titers derived by sequential hydrolysis (Aliquot B) were stil] 
only 76 per cent in the estrone-estradiol fractions and 69 per cent in the 
estriol fractions of the values obtained by the zinc-hydrochloric acid hy. 
drolysis technique (Aliquot A). 

That the marked increase in the estrogen titer obtained by the zine- 
hydrochloric acid technique is not peculiar to human pregnancy urine js 
borne out by the typical hydrolytic data on the urinary estrogen excretion 
of a man following injection of 2.0 mg. of estrone. The increase of the 
ratio of estrogen excretion by the two hydrolytic techniques was even 
greater than that found in human pregnancy urine (Table III). 

In these and other studies in which human male urine was used, the urine 
was divided into aliquots and the hydrolytic technique carried out directly 


Taste Ill 
Effect of Conditions of Hydrolysis on Urinary Estrogen Titer 
Male subject, carcinoma of prostate; 2.0 mg. of estrone injected. 


Estrogen titer 
Conditions of hydrolysis Estrone 
7 7 7 
A Zine-HCl, 3 hrs. refluxing 26 107 
B, Simple HC1; 20 min. refluxing l4 
By, * rehydrolysis of B,; 3 hrs. refluxing 6 0 6 § 
+ 5 23 @ 
A 
Ratio, B, + B, 5.8 2.7 


on the urine. Simple rehydrolysis of Aliquot B subsequent to preliminary 
simple hydrolysis and extraction yielded relatively insignificant estrogen 
titers, thereby indicating that the time of refluxing does not appear to 
account for the discrepancy in the estrogen titers obtained by the two 
hydrolytic techniques. 

Since estriol has not been found in pregnant mare urine, the presence 
of intermediates which might play a réle in the conversion of estrone to 
estriol would seem less likely than in the urine of the pregnant woman. 
Comparative studies of pregnant mare urine by the two hydrolytic tech- 
niques therefore might be expected to throw some light on the problem. 
Accordingly, simple hydrochloric acid and zine-hydrochloric acid hydrol- 
ysis were carried out on aliquots of a specimen of pregnant mare urine.’ 


‘It is recognized that there are present in pregnant mare urine more highly u- 
saturated estrogens which are not successfully fractionated by our chromatogram. 
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The data (Table IV) show that there were negligible amounts of uncon- 
jugated estrogens in our specimen and that simple hydrolysis yielded 
slightly higher total estrogen titers than zine-hydrochloric acid hydrolysis. 
These data may be interpreted as offering some experimental support to 
the concept that there are present in the human pregnancy urine inter- 
mediate compounds which play a réle in the conversion of estrone to estriol 
and which augment the estrogen titer in zine-hydrochloric acid hydrolysis.? 


Tasre IV 


Effect of Conditions of Hydrolysis on Urinary Estrogen Titer of Pregnant Mare 
l'rine® 


Estrogen titer, mg. per gm. 


Chromatographic powder 
fraction 
Kober Zimmermann 
test test 
No hydrolysis Estrone 0.014 No test 
Estradiolt 0.006 
Estriolt 0.004 — 
Total 0.024 
Simple hydrolysis, 15 vol. 20 estrone 0.449 0.450 
min. refluxing Estradiolt 0.123 0.168 
Estriolt 0.051 0.000 
Total . 0.623 0.618 
Zinc-HC! hydrolysis estrone 0.003 0.022 
Estradiol} 0.485 0.000 
Estriol 0.091 0.000 
Total 0.579 0.022 


* Spray-dried powder reconstituted to approximately normal specific gravity with 
distilled water. 

t Calculated as estrone. 

$ Caleulated as estradiol. 


A comparison of the effects of the two hydrolytic techniques on essen- 
tially estrogen-free urine to which 16-ketoestrone and 16-keto-a-estradiol 


Equilin and equilenin are eluted with estrone and a-estradiol in our technique (un- 
published data). However, equilin occurs in relatively small amounts and equilenin 
does not react to produce the typical Kober color product. 

? In the absence of more positive proof, we hesitate to attribute the relatively small 
amounts of material which appeared in our 30 per cent methanol-benzene (estriol) 
fraction to estriol; the diffuse nature of the trailing boundary of substances eluted 
principally in a preceding chromatographic fraction would seem a more probable 


explanation. 
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have been added would aid in evaluating the capacity of these com- 
pounds to augment the estrogen titers by zine-hydrochloric acid hydroly- 
sis. It must be emphasized that 16-keto-a-estradiol, in our Kober test, 
gave the typical pink color with about the same density at 520 mu per 
microgram as did estrone, whereas pure 16-ketoestrone is practically 
non-chromogenic (11). 16-Keto-a-estradiol added to pooled male urine 
after hydrolysisdistributed itself between the 5 per cent methanol-benzene 
and 30 per cent methanol-benzene filtrate fractions in the ratio of ap. 
proximately 1:1 (Table V). When added to pooled male urine previous 
to zine-hydrochloric acid hydrolysis, 16-ketoestrone became chromogenic 


Taste V 
Effect of Simple and Zince-Hydrochloric Acid Hydrolysis on Titer of Pooled 
Male Urine 
1 liter of male urine with 16-ketoestrone and 16-keto-a-estradiol added. 


) Per cent recovery of estrogen ia 
chromatographic fractions 


Exper 2 
ment Conditions of experiment per cent $ » 
Ne. | meth percent per cent 
| anol- methanol- methanol- 
zene benzene benzene 
1 1.0 mg. 16-keto-a-estradiol added after simple 2 40 41 
hydrolysis; 20 min. refluxing 
2 2.0 mg. 16-keto-a-estradiol added before Zn-HCl] 0 10 3 
hydrolysis; 3 brs. refluxing | 
3 2.0 mg. 16-ketoestrone added before Zn-HCl hy- 0 s 4 


drolysis; 3 hrs. refluxing 
4 5.0 mg. 16-ketoestrone added before simple hy- 0 0 l 
drolysis; 20 min. refluxing 


Subsequent Zn-HCl hydrolysis; 3 hrs. refluxing 0.3 1.66 0.58 


with the Kober reagent to the extent of 12 per cent, calculated as 16- 
keto-a-estradiol, and appeared in the 5 per cent methanol-benzene and 
30 per cent methanol-benzene filtrate fractions of our chromatogram in 
the ratio of about 2:1. Similarly, 16-keto-a-estradiol added to pooled 
male urine previous to zinc-hydrochloric acid hydrolysis was recovered to 
the extent of 10 per cent in the 5 per cent methanol-benzene fraction 
and 3 per cent in the 30 per cent methanol-benzene filtrate fraction. 
Since untreated male urine, upon zinc-hydrochlorie acid hydrolysis, did 
not yield these results, we assume that 16-ketoestrone was reduced to 16- 
keto-a-estradiol by the zinc-hydrochloric acid hydrolysis and thereby con- 
tributed the typical Kober color product. Reduction of 16-ketoestrone 
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to 16-keto-a-estradiol with zine dust and acid is in accord with Huffman 
and Lott’s data (5) on the synthesis of 16-keto-a-estradiol. 

Huffman and Lott (5) have commented on the high solubility of 16- 
ketoestrone in their acid reaction mixture. It occurred to us that the dis- 
erepancies in our simple and zinc-hydrochloric acid urine estrogen titers 
might be explained by the presence of a compound with such high aqueous 
solubility that it enters the organic phase of our extraction procedure only 
after partial reduction. Accordingly, 5 mg. of 16-ketoestrone were added 
to 1 liter of pooled male urine and simple hydrochloric acid hydrolysis and 
extraction followed by zine-hydrochloric acid hydrolysis and extraction 
were carried out sequentially. Although there was some evidence of re- 
covery of estrogens in the second extraction, in percentage figures the results 
are not very suggestive of the operation of such a mechanism in the case 
of 16-ketoestrone. In Experiment 4, the 0.3 per cent recovery of 16-keto- 
estrone as estrone presumably arises from 16-keto-a-estradiol, which, as 
indicated in Experiment 1, occasionally appears in relatively small amounts 
in our estrone chromatographic fraction. 

The data in Experiments 1, 2, and 3 suggest that 16-ketoestrone, if present 
in human urine in sufficiently large amounts, could account for some of 
the additional Kober color products obtained by the Smith zinc-hydro- 
chloric acid hydrolysis technique. Study of the urine of human subjects 
treated with these compounds, for phenolic estrogens, would present a 
more favorable test of this concept.* 

Although these data might seem to offer convincing arguments for the 
occurrence in human urine of more highly oxygenated estrogens which 
become chromogenic with the Kober reagent when subjected to zinc-hy- 
drochloric acid hydrolysis, the alternative concept that these results are 
the consequence of varying relationships between the extent of simultane- 
ous hydrolysis and destruction of the labile estrogens already known to 
be present in human urine might seem equally valid. This latter concept 
can be evaluated only if the conjugated forms of the estrogens as they 
appear in human urine are available for experimentation. Since they are 
not generally available, only a partial solution to our problem can be at- 
tempted at this time. It must be emphasized, however, that current 
published data (1, 12) on the destructive effects of acid hydrolysis on the 
conjugated and unconjugated estrogens as derived by bioassay are of little 
help in evaluating similar phenomena obtained by colorimetric techniques, 
since the structural features which give rise to a physiological response 
are not necessarily the same as those which give rise to the colorimetric 
response. Production of color products with spectral characteristics typ- 


_ * A report on the urinary metabolites of 16-ketoestrone and 16-keto-a-estradiol 
injected in men will appear in a subsequent publication. 


| 

e 

)- 

ic 

a 

| 
} 
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ical of those obtained with pure compounds is the only criterion of valye 
in estimating recoveries by colorimetric techniques. 

Table VI presents typical data on the recovery of the unconjugated 
natural estrogens after boiling with strong hydrochloric acid with and 
without the addition of zinc dust. 20 minutes refluxing with 15 volumes 
per cent of hydrochloric acid caused not more than 30 per cent destruction 
of the estrogens, as indicated by the Kober reagent, whereas 3 hours re. 
fluxing with 15 volumes per cent of hydrochloric acid and 4 gm. per cent 
of zinc dust resulted in almost complete destruction of estrogens. This js 
not surprising, since the amount of zinc dust which was added to the so- 
lution (4 gm. per cent) is stoichiometrically equivalent to approximately 
10 volumes per cent of hydrochloric acid as used by us, and exerts its ac. 


Tasie VI 
Recovery of Added Estrogens from Listilled Water and Pooled Male Urine 
After boiling for 3 hours with (@) 15 volumes per cent of concentrated HC! and (4 
15 volumes per cent of concentrated HC! and 4 gm. per cent of zine dust. 


Per cent recovery as shown by 
Kobe 


Solution, 1 liter test 
(a) (5) 
HA) Estrone 70.4° 0 
2 a-Estradiol 0 
3 Estriol 92.0° 
| Pooled male urine None 0.0 0 
3 a-Estradiol 55.0 86.0 
4 Estriol 38.0 48.0 


* DD) minutes boiling substituted for 3 hours. 
t Recovered in estradiol fraction of chromatogram. 


tion (evolution of hydrogen) actively only during the Ist hour of refluxing. 
Moreover, the hydrogen ion concentration by glass elect rode determination 
showed no detectable change; t.c., the pH was less than 0.2 over the 3 
hour period. 

Typical hydrolytic data obtained by the substitution of acidified pooled 


human male urine for simple hydrochloric acid solution of the estrogens — 


indicated that the substitution of urine for aqueous solution provided con- 
siderable protection to the estrogens against the destructive forces oper 
ating in hydrolysis in the presence of zine dust (Table VI)‘ Estriol ap- 


* Male urine hydrolyzed by this technique in 1 liter quantities consistently gave 
estrogen titers within the limits of error reported for our procedure; i.e., +7 7 
estrone, +10 » of estradiol, and +5 y of estriol (9). 
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peared to be the most labile of the three estrogens with both hydrolytic 
techniques. It was observed in experiments in which pooled male urine 
was used that the stoichiometric excess of hydrochloric acid became an 
actual excess of zinc, since from 6 to 8 gm. of zine were recovered routinely 
at the end of the 3 hour hydrolysis. The titratable acidity at the beginning 
and the end of hydrolysis changed from an average of 1.5 N to 0.3 N (methyl 
orange indicator). However, the pH did not rise above 0.2. 

Data on the destruction of unconjugated estrogens by the hydrolytic 
process can provide only a partial explanation of estrogen losses during 
hydrolysis. As Gallagher (13) has emphasized, it is necessary to investi- 
gate the water-soluble forms of the phenolic steroids and to devise more 
reliable methods than are now available for the hydrolytic process based 


Taste VII 
Recovery of Estrogen from Essentially Estrogen-Free (Pooled Male) Urine 
2.0 mg. of sodium estrone sulfate added to 1 liter of urine previous to hydrolysis. 


Experi- 


ment Conditions of hydrolysis by Kober | Per 
No. test 
1 15 vol. % HCl + 4 gm. % zine; 3 hrs. refluxing —«0.563" | 40 
? 15 % + 4 % 3 | 0. 5S88* | 42 
3 15 “ © “ ; 5 min. refluxing «11M | 80 
5 5 “ ©, concentrated H,SO,; 10 min. refluxing 1.234 | 88 
6 15 “ © HCl; 20 min. refluxing 0.883 63 
7 0.741 | 53 


* Calculated as a-estradiol. 


upon the known composition of the conjugates. Some data on this point 
were provided by the hydrolysis of sodium estrone sulfate added to pooled 
male urine (Table VII) which show that simple hydrochloric acid hydrol- 
ysis yields even greater estrogen recovery than zinc-hydrochloric acid 
hydrolysis from sodium estrone sulfate. Typical recovery data reported 
in Table VII represent total estrogen recovered in all three of our chromato- 
graphic fractions. In Experiments 1 and 2, less than 10 per cent of the 
recovered estrogen appeared in the chromatographic estrone and estriol 
fractions, whereas in Experiments 3 through 9 less than 10 per cent of the 
recovered estrogen appeared in the estradiol and estriol fractions. The 
optimum time of refluxing for simple hydrolysis with 15 volumes per cent 
of hydrochloric acid appeared to be 10 minutes, which yielded 90 per cent 
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of the theoretical estrone content, whereas the zinc-hydrochloric acid tech. } 
nique of Smith and Smith with 3 hours refluxing gave approximately 40 chi 
to 42 per cent recovery. If sulfate is the only form of conjugation for / for 
human estrone excretion,’ then these data offer strong support for the pr 
postulate of Smith and Smith; #.¢., that conversion of estrone to estradiol 


and more complete hydrolysis do not account for all of the increased estro. \ 
genic potency obtained by the addition of zine during hydrochloric acid | int 
hydrolysis of human female urine. ma 


Unfortunately, sodium estriol glucuronidate was not available to us at est 
the time these studies were made. However, Venning ef al. (14) have of I 
reported quantitative recovery of estriol from sodium estriol glucuronidate mat 
added to urine before hydrolysis by their method (approximately 2 volumes Ltd 
per cent of hydrochloric acid and 3 hours autoclaving at 15 pounds pres. 
sure). Van Bruggen (12) also has reported quantitative recovery of | 
estriol from sodium estriol glucuronidate in aqueous solution following 10 
minutes refluxing in an atmosphere of nitrogen gas with 15 volumes per 
cent of concentrated hydrochloric acid and 0.125 gm. per cent of protective 
agent (l-amino-2-naphthol-4-sulfonic acid). Our recovery data of estrone 
from sodium estrone sulfate together with similar estriol recovery data 
from sodium estriol glucuronidate, of Van Bruggen, offer strong support 
for the thesis that sodium estrone sulfate and sodium estriol glucuronidate — 
cannot account for the increased estrogen titers obtained on addition of | 
zine dust during hydrolysis. The problem therefore resolves itself intos oz 
search for (a) other conjugate forms of these known natural estrogenso@ 1. M 
(6) discovery of additional estrogen degradation products which are ren- | 2 V. 
dered chromogenic with the Kober reagent by the addition of zine during 
hydrolysis with hydrochloric acid. “ 


SUMMARY | 


Comparative colorimetric estimations of estrogens in human pregnancy — 
urine by simple hydrochloric acid and by zinc-hydrochloric acid hydrolysis 
support the observation of Smith and Smith based on bioassay, that estrone _ 
is converted to estradiol by the presence of zinc and that markedly increased — 
estrogen titers are obtained. ) 

Pregnant mare urine does not show augmented titers by the zinc-hydro- 
chloric acid hydrolysis technique. | 

Recovery of estrone from sodium estrone sulfate added to pooled hums 
male urine prior to zinc-hydrochloric acid hydrolysis was not of high enoug 
order to account for the increased estrogen titers obtained in human pret: 
nancy urine. 

* Hydrolytic studies on human pregnancy urine to be reported later seem to ind 
cate otherwise. | 
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16-Ketoestrone added to pooled human male urine reacts to zine-hydro- 
chloric acid hydrolysis in such a way that its presence in urine could account 
for some of the augmented Kober color products found by this hvdrolytie 


procedure. 


We wish to acknowledge the technical assistance of William M. Conn 
in this work. We also wish to express our appreciation to Dr. Max Huff- 
man of the Southwestern Medical College, Dallas, Texas, for the 16-keto- 
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of E. R. Squibb and Sons, New Brunswick, New Jersey, for the pregnant 
mare urine; and to Dr. J. Murray Scott of Ayerst, McKenna and Harrison, 
Ltd., New York, for the sodium estrone sulfate (synthetic). 
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THE OCCURRENCE OF a-ESTRADIOL IN THE URINE OF 
STALLIONS; ITS IDENTIFICATION AND ISOLATION* 


By LOUIS LEVIN 


(From the Department of Anatomy, College of Physicians and Surgeons, Columbia 
(University, New York) 


(Received for publication, October 25, 1948) 


The estrogenic substances have been demonstrated in many natural 
tissues and fluids. Because the concentrations in ovaries, in human 
pregnancy urine, in the urine of pregnant mares, and in the urine of stal- 
lions far exceed those found elsewhere, the distribution of the active sub- 
stances in these four sources has been rather extensively studied. HHow- 
ever, even though it has been known since 1934 (1, 2) that stallion urine 
is very rich in estrogenic material and since 1940 (3) that small amounts 
of estradiol may be obtained from stallion testes, little or no attention 
has been given to the non-ketonic estrogens of stallion urine. A thorough 
search of the literature has revealed no mention of the possible occurrence 
of non-ketonic estrogens in stallion urine. 

For several reasons it seemed desirable to study the distribution of the 
principal estrogenic constituents of stallion urine, with particular atten- 
tion to the non-ketonic estrogens, and to this end a systematic investi- 
gation of a number of specimens has been made. The results, reported 
below, show that a considerable and rather well defined proportion of the 
estrogenic activity of these urines is attributable to a-estradiol and, in 
fact, pure a-estradiol was isolated as the di-a-naphthoate in good yield 
from several of the more potent urine specimens. It is also of interest 
that most such urine specimens contain a-estradiol in far greater concen- 
tration than does any other natural source, follicular fluid or ovarian 
tissue not excluded, hitherto investigated. 


Methods 
Urine specimens were obtained individually, in so far as was possible, 
from the various stallions.! Care was taken to collect the urines directly 


* Aided by a grant recommended by the Committee on Growth of the National 
Research Council to the American Cancer Society and administered by Dr. E. T. 
Engle, and by a grant from the Rockefeller Foundation, administered by Dr. P. E. 
Smith. 

Preliminary reports of portions of this investigation have been made in a Letter 
to the Editors (J. Biol. Chem., 158, 725 (1945)) and before the Thirtieth annual meet- 
ing of the Association for the Study of Internal Secretions (J. Clin. Endocrinol, 8, 
701 (1948) ). 

' The author is indebted to Dr. Ralph Reece of the New Jersey Agricultural Experi- 
ment Station and to Dr. Robert Bates and Dr. Herman Cohen of E. R. Squibb and 
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into clean containers and to avoid contamination with fecal matter, ete. 
The specimens were chilled as soon as delivered to the laboratory (usually 
within several hours after voiding) and aliquots were hydrolyzed and 
extracted within 24 to 48 hours. 

The hydrolyses, extractions, and purifications were done by well known 
and accepted methods. For hydrolysis, the urine was acidified to pH | 
with concentrated hydrochloric acid and a small additional excess of the 
acid was added. The acidified urine was quickly brought to boiling and 
was refluxed gently for 30 minutes. After rapid cooling under the tap, 
the hydrolyzed urine was thoroughly extracted by shaking repeatedly 
with ether. The combined ether extracts were washed with dilute sodium 
bicarbonate solution until no further color was removed, the combined 
bicarbonate washings being washed back with a small amount of ether. 

The combined ether solutions were distilled to a convenient small 
volume and were then thoroughly extracted with 1 N NaOH. The com- 
bined NaOH solutions were acidified to Congo red with hydrochloric 
acid and were repeatedly extracted with ether, and the combined ether 
extracts were again washed with bicarbonate to remove any residual 
acidic pigment. The ether extract was distilled to dryness and the resid- 
ual oily material was separated into ketonic and non-ketonic fractions 
by treatment with Girard’s Reagent T in glacial acetic acid solution 
according to the method of Pincus and Pearlman (4), the quantities of 
reagents used being increased in proportion to the expected ketone con- 
tent. The non-ketonic fraction was subjected to at least one further 
treatment with Girard’s Reagent T in order to remove any residual ketonic 
material which might have escaped the first separation. 

The non-ketonic fraction was then fractionated into the so called “weak 
phenolic” (estradiol) and “strong phenolic” (estriol) fractions by parti- 
tion between benzene and sodium carbonate solution according to the 
method of Mather (5) and of Bachman and Pettit (6). After removal 
of the solvents by distillation, the final products were dissolved in 95 per 
cent ethyl alcohol, made up to definite volume, and were reserved for 
estimation of estrogenic content by bioassay and by photofluorometry. 

In several cases, in which the estrogenic content of the ‘‘weak’’ non- 
ketonic fraction was sufficiently large to warrant the attempt, the estrogen 
was further purified with the view of isolating the estrogen, presumed to 
be a-estradiol. The isolation was attempted in two cases and was suc- 
cessful in each. After completing the desired assays, the remaining 
material was further purified by repetition of certain of the above pro 


Sons for their cooperation in obtaining the urine specimens upon which these studies 


were made. 
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L. LEVIN 231 
cedures. The product in each case was then dissolved in benzene and 
was adsorbed on a column of alumina (Harshaw activated aluminum 
oxide, No. 350). Fractional elution, with considerable purification, was 
achieved by washing the column with benzene containing increasing 
concentrations of ethyl alcohol. Those fractions containing estrogenic 
activity as indicated by bioassay were combined and the material acet- 
ylated with acetic anhydride. The acetyl derivative was sublimed at 
low pressures (0.03 to 0.04 mm. of Hg), fractions being removed as the 
temperature was raised. Considerable purification was achieved in this 
fashion, a semicrystalline product being obtained in each case. The 
sublimate was saponified and the free estrogen treated with a-naphthoyl 
chloride as described by MacCorquodale et al. (7). The resulting erystal- 
line naphthoate was purified by several recrystallizations from absolute 
alcohol and from acetone. 

The product in each case was identified as a-estradiol di-a-naphthoate 
by melting points, mixed melting points with authentic a-estradiol di-a- 
naphthoate, and, in one case, by analysis for carbon and hydrogen. 

The ketonic fraction of each urine specimen, derived from the Girard 
separation, was not further purified. Each was dissolved in 95 per cent 
ethyl alcohol, diluted to a suitable volume, and aliquots used for the 
bioassay and photofluorometric estimations described below. 

In order to determine the effect of putrefaction on the estrogen parti- 
tion of stallion urine, aliquots of five specimens were allowed to stand for . 
2 to 4 months in loosely covered glass containers at room temperature. 
These “aged’’ specimens were then worked up as described above and 
the estrogen titers of the various fractions were compared to those ob- 
tained from the fresh specimens from which they were derived. 

Bioassays with spayed rats were done by a slight modification of the 
method of Kahnt and Doisy (8). Similar bioassays were performed with 
spayed mice, since it has been shown (9) that the ratio of the rat unit to 
the mouse unit is a good identifying characteristic for the more common 
natural estrogens. 


RESULTS AND DISCUSSION 


The total estrogen titers of six fresh specimens of stallion urine are 
indicated in Table I. It is to be seen that the estrogen titer, as first shown 
by Zondek (2), is quite inconstant, varying in these specimens from 5500 
to 150,000 rat units per liter of urine. The non-ketonic portions of these 
six specimens were found to contain from 2900 to 140,000 rat units per 
liter, thus accounting for 45 to 93 per cent of the total estrogenic activity. 
In five of these six specimens the proportion of the total activity found 
in the non-ketonic fraction was between 45 and 60 per cent. 
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By recalculating these data in terms of mg. of estrone and of a-estradiol. 
it may be seen (Table II) that these six urine specimens contained from 
3.3 to 47.4 mg. of estrogen per liter, of which 0.4 to 16.8 mg. per liter (8.0 
to 60.4 per cent of the total) was found in the non-ketonic fraction. These | 
figures demonstrate that the a-estradiol titer of these urines was far greater 
than that of any other tissue or body fluid investigated to date. 

The results obtained with the “aged” aliquots of these urines are of | 
considerable interest. These were worked up in the same manner that 


Taste 
Partition of Estrogens of Stallion Urine 


ration Stallion Age | | Ketonic Non ketonic | 
yrs. per cent per cont | 
7 Percheron A ? June | 5,500 2,600 47 2,90 8 
736 3 pooled ? 150,000) 10,000 7 
747 Percheron A ? Nov. 71,400 39.600 ss) 31.800 45 
76) ? 2 Apr. 20,000 10,400 52 9,600 4 
761 Percheron B 10 40,000 16,400 4.000 & 
762 5 52.000 27,000 52 25.000 48 
Taste Il 
Partition of Estrogens of Stallion Urine 
Preparation No. | Total estrogen Estrone Estradiol 
(A) (B) (A + B) 
mg. peri. mg. peri me. peri per cent per cent 
735 2.9 o4 3.3 S7.4 12.1 
736 11.0 16.8 27.8 39.6 4 
747 43.6 3.8 47.4 92.0 8.0 
7 11.4 12.6 wes 9.5 | 
761 18.0 2.9 2.9 S61 13.9 | 


762 29.7 3.0 32.7 90.5 9.2 


| 


was described above for the fresh specimens. On assaying the resulting — 
products, it was found (Table IIT) that in all but one case the total estro 
genic activity had decreased considerably during the ‘‘aging”’ period, the 
losses averaging 33 per cent of the original titer of the fresh aliquots. — 
The assays of the four aged specimens which were partitioned into ke 
tonic and non-ketonic fractions indicate that the loss of activity cannot 
be ascribed to a consistent reaction. In one case (Preparation 736-745 
the loss was apparently due to an extensive and almost stoichiometric 
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conversion of non-ketonic to ketonic estrogen, presumably (see below) by 
an oxidation of estradiol to estrone. In another (Preparation 760-77) ) 
a smaller fraction of the estradiol appeared to have been converted to 
estrone. In a third specimen (Preparation 761-772), there was a small 
loss of estradiol and a rather large coincident disappearance of estrone. 
while in the fourth case (Preparation 762-773) a large proportion of the 
estrone was lost with a coincident but smaller increase of estradiol, sug- 
gesting at least partial conversion of estrone to estradiol. 

These figures suggest that in a urine specimen exposed to air both oxida- 
tion and reduction of the estrogenic constituents can occur, the extent 
of the reaction being variable. In some cases, there is an almost stoichio- 
metric conversion of one estrogen to another. In others there is a Joss of 
estrogenically active substances, calculated in terms of mass, and it js 
probable that in such cases the oxidation-reduction reaction may go so 
far as to yield non-estrogenic products. Whether such reactions as well 
as their variability are due to bacterial action or to other mechanisms 
cannot be definitely stated. It was noted, however, that all these urine 
specimens became quite alkaline on standing exposed to air, indicating 
a conversion of nitrogenous substances to ammonia, presumably by bae- 
terial action. In this connection, it is to be recalled that Mamoli (10, 11) 
demonstrated that many ketonic steroids are readily reduced to the 
alcoholic analogues by certain microorganisms. It seems equally likely 
that other organisms may be able to effect the reverse reaction; ¢.9., oxi- 
dation of alcoholic steroids to the corresponding ketones. Indeed, Heller 
(12) has postulated that such a mechanism operates in surviving liver 
slices and has provided some evidence to support his hypothesis. It is 
further not unlikely that such oxidation-reduction reactions may proceed 
even further with a disruption of the steroid molecule and consequent 
loss of physiological activity. 

Since these mechanisms, bacterial or otherwise, do indeed occur in 
urine specimens which have been allowed to putrefy, it is understandable 
that entirely unpredictable changes in composition and titer will be found, 
depending on the duration of the aging process and upon whether oxida- 
tion or reduction of the estrogens is the preponderant reaction. There 
is no reason to assume that these processes are restricted to stallion urine, 
and they may be expected to occur as readily in the urine of pregnant 
mares, human pregnancy urine, etc. Such unpredictable changes, super- 
imposed upon the physiological variations in the urine donors, may 
explain the disagreement among investigators as to the composition of 
the “mixed natural estrogens” in such sources as the urine of pregnant 
mares. It seems necessary to consider the age of the urine specimen, the 
mode of collection, possibility of contamination, and conditions of aging 
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before reaching a conclusion as to whether the estrogen partition and titer 
found are or are not the same as those of the freshly voided urine. 

The ketonic and non-ketonic estrogens were separated as described 
above. Estradiol and estriol are the only natural non-ketonic estrogens 
known. Any estriol which may have been present should have appeared 
in the “strongly phenolic’? non-ketonic fraction derived from the benzene- 
sodium carbonate partition (5, 6). As a matter of fact, in no case was 
any activity found in the “strongly phenolic” fractions, thereby indicating 
that no estriol was present. Nevertheless it was deemed advisable to 
characterize the fractions as accurately as possible as a check on the 
chemical procedures. 


Tassie IV 
Characterization of Estrogens of Stallion Urine by Bioassay 
Non ketonic Ketonic 
Preparation No ‘Rat unit Rat unit 
Mouse unit Mouse unit 
mi. per rat ml. per ml. per rai ml. per 
mould wnt Moule wrt 
0 0003 0 3.0 
747 0006 3.3 0.0016 0.00012 13.3 
7) 0.0075 6.2 0.005 0.0004 12.5 
761 0 0921 0.00015 4.7 0.0045 0.00027 16.6 
762 0.0019 0 0004 4.7 0.0025 0.00017 147 
771 0.015 0.0025 6.0 0.0070 0.0005 40 
0.0021 0.00055 3.8 0.030 0.0016 Is.7 
0.0019 0. QOO4AS 4.2 0.0055 0.0003 Is.3 
7 7 7 7 
Estrone 1.1 0.08 14.0 
a-Estradiol 0.12 0.03 


Estriol +1 +24 +0.04 


One means of identifying the natural estrogens is that of comparing the 
size of the rat unit to that of the mouse unit. As first shown by Wester- 
feld et al. (9), the ratio of the size of the rat unit to that of the mouse unit 
is quite characteristic for most of the natural estrogens and, in particular, 
estrone and a-estradiol may be distinguished with ease. This technique 
was employed on the various fractions obtained, the pertinent results 
being detailed in Table IV. 

As may be seen, the ratios of rat unit to mouse unit were found to be 
4:1 and 14:1, respectively, for pure a-estradiol and for estrone. These 
figures are very near to those previously published by Westerfeld et al. 
(9) and by Levin (13). The ratio for estriol is approximately 0.04:1. It 
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conversion of non-ketonic to ketonic estrogen, presumably (see below) by 
an oxidation of estradiol to estrone. In another (Preparation 760-771) 
a smaller fraction of the estradiol appeared to have been converted to 
estrone. In a third specimen (Preparation 761-772), there was a small 
loss of estradiol and a rather large coincident disappearance of estrone, 
while in the fourth case (Preparation 762-773) a large proportion of the 
estrone was lost with a coincident but smaller increase of estradiol, sug- 
gesting at least partial conversion of estrone to estradiol. 

These figures suggest that in a urine specimen exposed to air both oxida- 
tion and reduction of the estrogenic constituents can occur, the extent 
of the reaction being variable. In some cases, there is an almost stoichio- 
metric conversion of one estrogen to another. In others there is a loss of 
estrogenically active substances, calculated in terms of mass, and it is 
probable that in such cases the oxidation-reduction reaction may go so 
far as to yield non-estrogenic products. Whether such reactions as well 
as their variability are due to bacterial action or to other mechanisms 
cannot be definitely stated. It was noted, however, that all these urine 
specimens became quite alkaline on standing exposed to air, indicating 
a conversion of nitrogenous substances to ammonia, presumably by bac- 
terial action. In this connection, it is to be recalled that Mamoli (10, 11) 
demonstrated that many ketonic steroids are readily reduced to the 
alcoholic analogues by certain microorganisms. It seems equally likely 
that other organisms may be able to effect the reverse reaction; ¢.g., oxi- 
dation of alcoholic steroids to the corresponding ketones. Indeed, Heller 
(12) has postulated that such a mechanism operates in surviving liver 
slices and has provided some evidence to support his hypothesis. It is 
further not unlikely that such oxidation-reduction reactions may proceed 
even further with a disruption of the steroid molecule and consequent 
loss of physiological activity. 

Since these mechanisms, bacterial or otherwise, do indeed occur in 
urine specimens which have been allowed to putrefy, it is understandable 
that entirely unpredictable changes in composition and titer will be found, 
depending on the duration of the aging process and upon whether oxida- 
tion or reduction of the estrogens is the preponderant reaction. There 
is no reason to assume that these processes are restricted to stallion urine, 


and they may be expected to occur as readily in the urine of pregnant | 


mares, human pregnancy urine, etc. Such unpredictable changes, super 


imposed upon the physiological variations in the urine donors, may | 


i 


explain the disagreement among investigators as to the composition of 
the “mixed natural estrogens” in such sources as the urine of pregnant 
mares. It seems necessary to consider the age of the urine specimen, the 
mode of collection, possibility of contamination, and conditions of aging 
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before reaching a conclusion as to whether the estrogen partition and titer 
found are or are not the same as those of the freshly voided urine. 

The ketonic and non-ketonic estrogens were separated as described 
above. Estradiol and estriol are the only natural non-ketonic estrogens 
known. Any estriol which may have been present should have appeared 
in the “strongly phenolic’ non-ketonic fraction derived from the benzene- 
sodium carbonate partition (5, 6). As a matter of fact, in no case was 
any activity found in the ‘“‘strongly phenolic” fractions, thereby indicating 
that no estriol was present. Nevertheless it was deemed advisable to 
characterize the fractions as accurately as possible as a check on the 
chemical procedures. 


Tasie IV 
Characterization of Estrogens of Stallion Urine by Bioassay 
Non-ketonic Ketonic 
Preparation No. Rat unit _Rat unit_ 
Mouse unit Mouse unit 
mil. per rat ml. per | ml. perrat ml. per 
unil | MOUSE mouse 
729 0.0003 0.0001 3.0 
747 0.0020 0.000 3.3 0.0016 0.00012 13.3 
760 0.0075 0.0012) 6.2 0.005 0.000% 12.5 
761 0.0021, 0.00085 4.7 0.0045 0.00027 16.6 
762 0.0019 0.0004 4.7 0.0025 0.00017 14.7 
771 0.015 0.0025 6.0 0.0070 0.0005 14.0 
772 0.0021 0.00055 3.8 0.030 0.0016 18.7 
773 0.0019 0.00045 4.2 0.0055 0.0003 18.3 
Y | Y Y | Y 
Estrone 0.08 14.0 
a-Estradiol 0.12 0.03 4.0 
Estriol +1 +24 +0.04 


One means of identifying the natural estrogens is that of comparing the 
size of the rat unit to that of the mouse unit. As first shown by Wester- 
feld et al. (9), the ratio of the size of the rat unit to that of the mouse unit 
is quite characteristic for most of the natural estrogens and, in particular, 
estrone and a-estradiol may be distinguished with ease. This technique 
was employed on the various fractions obtained, the pertinent results 
being detailed in Table IV. 

As may be seen, the ratios of rat unit to mouse unit were found to be 
4:1 and 14:1, respectively, for pure a-estradiol and for estrone. These 
figures are very near to those previously published by Westerfeld et al. 
(9) and by Levin (13). ‘The ratio for estriol is approximately 0.04:1. It 


) 
| | 
if 
1s 
0 
| 
| 
ly | 
ler 
er 
is 
nt 
in 
ble | 
nd, | 
da- | 
ere | 
ine, 
ant 
per- 
1a) 
ant | 
the 
zing 


236 @-ESTRADIOL IN URINE 


may be seen that the non-ketonic fractions obtained from stallion urine 
yielded a rat unit to mouse unit ratio varying from 3.0:1 to 6.2:1, most 
of the values being between 3.0 and 4.7. Considering the fact that the 
ratios depend on two bioassays, the figures obtained may be considered 
to establish that the activity of the non-ketonic fractions was indeed due 
to the presence of a-estradiol. 

The ratios obtained with the ketonic fractions of the same urines were 
found to be between 12.5:1 and 18.7:1, most falling between 12.5 and 16.6, 
These figures, then, are in good agreement with that for pure estrone 
(14:1) and thus indicate that the ketonic fractions owe their activity to 
estrone. 


TaBLe V 
Characterization of Estrogens from Stallion Urine; Bioassay versus Flucrometry 


| Non ketonic | Ketonic 

Bioassay — | | Bioassay 

per per ml. vas per rat per per ml. rat te 
760 9.8 200 168 | 1.19 
761 | 476 | 52.5 | 9.2 | 220 | 261 | 0.85 
762 =«680t—s«_LO 5.9 400 625 | 0.64 
771 67.) 5.2 140 159 
772 480 45.0 | 10.7 33 42 0.79 
773 530 | §.2 182 242 0.75 

ral wnils per ral wmils per 

| ivy | | 


A further means of characterizing unknown estrogenic substances is 
that of comparing figures for rat units, obtained by bioassay, with those 
in terms of mass of estrogenic material, determined by chemical or phys- 
cal methods. The photofluorometric determination of estrogenic steroids 
as described by Jailer (14) is well adapted for this purpose. 

In Table V are given the results obtained by such a comparison of bio- 


assay and photofluorometric data. When estrone and estradiol are | 


treated according to Jailer’s method, it is found that they fluoresce equally 
(14) when compared on a weight basis. It is well established, however, 
that estradiol is considerably more active physiologically than ts estrone. 
Thus in our laboratory 1 y of estrone is equivalent to 0.9 rat unit, whereas 


1 y of a-estradiol is equivalent to 8.5 rat units. The ratio of rat units to | 


micrograms therefore is 0.9 for estrone and 8.5 for a-estradiol. 
The ratios for rat units to micrograms as determined for the non- 
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ketonic fractions of stallion urine varied from 5.2 to 10.7 (Table V).2 
Only two of the values were below 8.2. These figures therefore verify 
the conclusion that the chief estrogenic constituent of these fractions is 
a-estradiol. Certainly the figures are far too high to permit the deduc- 
tion that estrone is the major constituent. The two low values may be 
due to the presence of small quantities of estrone which escaped the re- 
peated treatment with Girard’s Reagent T. A more likely assumption, 
however, is that these values are low due to the presence of non-specific 
fluorescent material, since these preparations were not pure and since no 
special attempt was made to use solvents free of fluorescent substances. 

The ratios of rat units to micrograms obtained with the ketonic frac- 
tions confirm our belief that estrone was the major constituent respon- 
sible for the estrogenic activity of these fractions. It may be seen that 
all the values are very near to that obtained with pure estrone. All but 
one of the values are slightly lower than the theoretical and, as above, 
these may also be explained on the basis of the presence in the impure 
extracts of small amounts of non-estrogenic fluorescent material. The 
single high value (Preparation 760) is probably due to slight inherent 
error in the bioassay. It seems improbable that non-ketonic material 
would be carried over into the ketonic fraction, and certainly there is no 
reason to assume that this fraction contained a ketonic substance possess- 
ing greater physiological activity than estrone. 

As described in a previous section, the isolation of the non-ketonic 
estrogen Was attempted in the case of the two most potent preparations 
derived from stallion urine. The first preparation, L750C, was obtained 
from the pooled urine of three stallions and is described in Tables 1, II, 
and III as Preparation 736. The second isolation was attempted on 
Preparation L755, the non-ketonic fraction derived from the pooled urine 
of an unknown number of stallions.’ In each of these cases the isolation 


*The photofluorometric estimations were performed by Dr. J. W. Jailer to whom 
the author is indebted. 

* Several years before the present work was begun this preparation was given to 
the author by a manufacturer of estrogens. It was represented to be a concentrate 
of pooled stallion urine and to contain large quantities of estrogenic activity in the 
form of estrone. The ketonic fraction was therefore separated and isolation of the 
estrone was attempted. Although pure estrone was isolated, the amount obtained 
was far too small to account for the total activity claimed for the concentrate. After 
some of the present results on individual specimens were obtained, the non-ketonic 
fraction of this material, which had been stored in the refrigerator in alcoholic solu- 
tion, was assayed in this laboratory and was found to contain very large quantities 
of estrogenic activity. This fraction was therefore worked up, including additional 
treatment with Girard's reagent, and was found to contain a-estradiol in quantities 


approximately sufficient to account for the activity as originally reported by the 
donor of the extract. 
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was successful. The estrogen was isolated as the di-a-naphthoate which, 
after several recrystallizations, yielded analytical data proving the crys. 
tals to be pure a-estradiol di-a-naphthoate. The amounts isolated were 
in fair agreement with the bioassay figures of the preparations before 
naphthoylation. These data are presented in Table VI. 

It may be seen that the melting points closely approximate those ob- 
tained with authentic a-estradiol di-a-naphthoate. On the other hand, 


Tasie VI 
a-Estradiol Di-a-naphthoate from Stallion Urine; Analytical and Physical Data 
tion No. 
Yields 
L7IDC 200,000 rat units (> 24 mg. estradiol) — 20.2 mg di-a-naphthoate (o 


| 9.4 mg. a-estradiol) 

| Recovery 47% (single crop of crystals) 

L7551 150,000 rat units (© 18 mg. estradiol) —+ 36.0 mg. di-a-naphthoate (0168 
ming. a-estradiol) 

Recovery 93°) (3 crops of crystals) 


| 1965-1975 
Mixed m_p., L750C with estradiol di-a-naphthoate 197-198 
“ estrone a-naphthoate 177 -178.5 
L755! M. p.  193.5-194 
Mixed m.p., L7551 with estradiol di-a-naphthoate 195 -196.5 
7551 “ estrone a-naphthoate | Ist 
H 
Elementary analysis per cont cent 
L730C Found 82.7 6.26 
Calculated. CyolHO, (estradiol di-a-naphthoate) 82.72 6.25 
| CoH (estrone a-naphthoate) 82.04 6.65 


* All melting pointe uncorrected. 


in each case there was a definite depression of melting point when mixed 
with estrone a-naphthoate. 

Elementary analysis was performed‘ on one of these preparations, 
L750C, and the analytical figures (Table VI) correspond very closely to 
the theoretical for a-estradiol di-a-naphthoate. 


It is therefore definite that the non-ketonic estrogen, accounting for | 


45 to 93 per cent of the total estrogenic activity of stallion urine, is indeed 
a-estradiol. This is established by the chemical manipulations and par- 


*The elementary analysis was made by Dr. W. Saschek of the Department 
of Biochemistry of this institution. 


f 
n 
n 
of 
| 


h, 


for 


L. LEVIN 239 


titions used in the separation of these fractions from other estrogenic 
fractions, by the ratio of size of rat to mouse unit, by the ratio of rat unit 
to weight of estrogen as determined by photofluorometric methods, and, 
finally, by the isolation of the estrogen as the di-a-naphthoate and deter- 
mination of its purity by melting point, mixed melting point, and ele- 
mentary analysis. 

The fact that these high titers of a-estradiol have been observed in 
fresh urine specimens and that losses of this estrogen with coincident but 
non-proportional changes in estrone titer were observed in specimens al- 
lowed to age under non-sterile conditions indicates that considerable care 
must be exercised in making statements concerning the relative amounts 
of the natural estrogens of equine urines unless the freshness, manner of 
aging, and degree of deterioration are known and specified. 


The author wishes to express his appreciation to Miss Barbara Singer 
whose assistance with the many bioassays greatly facilitated the progress 
of this investigation. 


SUMMARY 


The estrogenic substances of a number of specimens of stallion urine, 
immediately after collection and after several months of aging, have been 
partitioned into ketonic, “strongly acidic” non-ketonic, and ‘weakly 
acidic” non-ketonic fractions. The “strongly acidic’? non-ketonic (7.e., 
estriol) fraction was inactive. The “‘weakly acidic’? non-ketonic (es- 
tradiol) fractions of freshly voided urines accounted for 45 to 93 per cent 
of the total estrogenic activity. 

The ketonic estrogen has been identified as estrone by means of the 
mode of separation of the ketonic fraction, by comparison of ratio of size 
of rat unit to mouse unit, and by comparison of physiological activity to 
the mass of estrogenic material as determined by photofluorometric 
analysis. 

By the same methods, the “weakly acidic” non-ketonic estrogens have 
been identified as a-estradiol. In addition, the non-ketonic estrogen of 
several specimens has been naphthoylated and the isolated derivatives 
proved to be a-estradiol di-a-naphthoate by melting points, mixed melting 
points, and elementary analysis. 

The data therefore verify the finding that fresh stallion urine contains 
large quantities of estrogenic substances and establishes that a large 
proportion of this estrogen is a-estradiol. Allowing the urine to undergo 
putrefaction causes a variable but appreciable loss of estradiol with coin- 
cident variable, but not necessarily proportional, changes in the estrone 
content. Possible reasons for these changes are discussed. 


| 

5 

ed 

ns, 

nt 


20 @-PSTRADIOL IN URINE 


BIBLIOGRAPHY 


. Haussler, E. P., Hele. chim. acta, 17, 531 (19314). 

. Zondek, B., Nature, 133, 209 (1934). 

. Beall, D., Biochem. J., 34, 1293 (1919). 

. Pincus, G., and Pearlman, W. H., Endocrinology, 29, 413 (1911) 

. Mather, A., J. Biol. Chem., 144, 617 (1942). 

. Bachman, C., and Pettit, D. 8., J. Biol. Chem., 133, 689 (1941). 

. MacCorquodale, D. W., Thayer, 8. A., and Doisy, E. A., J. Biol. Chem., 115, 435 


(1936). 


. Kahot, L. C., and Doisy, E. A., Endocrinology, 12, 760 (192s). 
9. Westerfeld, W. W., Thayer, 8. A., MacCorquodale, D. W., and Doisy, E. A. 


J. Biol. Chem., 126, 181 (1938). j 


. Mamoli, L., Ber. chem. Ges., 71, 2696 (1938). 

. Mamoli, L., Koch, R., and Teschen, H., Z. physiol. Chem., 261, 287 (1939). 
. Heller, C. G., Endocrinology, 2%, 619 (1940). 

. Levin, L., J. Biol. Chem., 187, 407 (1945). 

. Jailer, J. W., J. Clin. Endocrinol, 8, 564 (1948). 


12 
13 
l4 
H 
| 
mM 
| OX 
Wl 
(fi 
10 
ce 
he 
ta 
co 
| an 
Int 
re: 
re 
ome 
| 
th 
th 
ra’ 
Ua 


MALONATE INHIBITION OF OXIDATIONS IN THE KREBS 
TRICARBOXYLIC ACID CYCLE* 


By ARTHUR B. PARDEEf ann VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, October 26, 1948) 


The inhibition of succinate oxidation by malonate is a well known phe- 
nomenon. Since the oxidation of succinate to fumarate is an integral 
part of the Krebs cycle of oxidations, it has been generally assumed that 
the inhibitory effect of malonate upon the oxidation of any member of 
the cycle is the result of the inhibition of the succinate to fumarate step. 
However, the present paper provides evidence that malonate inhibits 
oxidations in the cycle by at least two mechanisms: in addition to the 
inhibition resulting from a block of succinate oxidation, malonate inhibits 
oxidation by another mechanism that is believed to involve combination 
with magnesium ions. 


Methods 


The reaction mixture has been described elsewhere (1). It contained 
(final concentrations) m/15 KCl, m/60 K phosphate at pH 7.2, 1.3 xX 
10-* m cytochrome c, and 0.001 m K adenosine triphosphate. The con- 
centrations of MgCl, oxalacetate, pyruvate, K malonate, and rat tissue 
homogenate are given for the separate experiments. When oxygen up- 
take measurements were desired, the Warburg apparatus was used in the 
conventional manner at 38°. Samples were equilibrated for 10 minutes 
and then readings were taken at 10 minute intervals. For some experi- 
ments substrate disappearance was considered a better measure of the 
reaction than oxygen uptake. When the rate of oxygen uptake was not 
required, samples were shaken in open flasks. At the end of the experi- 
ment 2 ml. of 17.5 per cent trichloroacetic acid were added to give a final 
concentration of 7 per cent; the precipitated protein was centrifuged and 
the supernatant fluid analyzed. All experiments were in duplicate, and 
the more important ones were carried out on two or more animals. The 
rats were all young adult males on a stock diet. 

Total keto acids were determined colorimetrically with 2,4-dinitro- 


* This work was aided in part by ‘a grant from the Jonathan Bowman Fund for 
Cancer Research. 

t Merck Postdoctoral Fellow in the Natural Sciences under the National Re- 
search Council. 


241 


135 

| 


242 MALONATE INHIBITION OF OXIDATIONS 


phenylhydrazine (2). In some cases readings of light transmission were 
taken at both 480 and 580 my in order to determine a-ketoglutarate in the 
presence of oxalacetate and pyruvate (2). Since the amount of a-keto- 
glutarate found was relatively small, all of the keto acid was calculated as 
oxalacetate, except in the experiments with variable magnesium, in which 
the a-ketoglutarate was subtracted from total keto acids and the differ. 
ence was called oxalacetate. This figure is really the sum of oxalacetate 
plus pyruvate, since it is not possible to distinguish between these com. 
pounds by the method as used. For the purposes of these experiments 
this fact is advantageous, since conversion of oxalacetate to pyruvate does 
not result in keto acid disappearance. Citrate was determined by the 
method of Natelson, Lugovoy, and Pincus (3).' 


Results 


The inhibition observed when malonate is added to the reaction mixture 
used for the study of oxalacetate oxidation depends not only upon the 
substrates employed but upon the kind of tissue used for the homogenate. 
Table I summarizes the results obtained with heart, kidney, brain, and 
liver homogenates, without substrate, and with oxalacetate, pyruvate, 
and a mixture of oxalacetate and pyruvate. Each substrate combination 
was tested without malonate and with malonate at final concentrations of 
0.004 and 0.02m. The lower concentration provided an effective block for 
the succinate to fumarate step under the conditions of these experiments, 
in which diffusion barriers were less effective than in slices, and in which 
no succinate was added. That the higher malonate concentration inhib- 
ited not only the succinate to fumarate step but also the conversion of 
oxalacetate and pyruvate to the tricarboxylic acids is indicated by the 
data to follow. The experiments also provide additional data regarding 
the alternative metabolic pathways in the various tissues. 

“Low” Malonate—Table I shows that liver differs from the other tissues 
with respect to its ability to metabolize pyruvate. This is shown by the 
rates of oxidation with pyruvate as the sole substrate with the low level of 
malonate. In the case of heart and kidney, the control and inhibited 
rates under these conditions were 89 and 8 and 74 and 5 microliters of 
oxygen per 20 minutes respectively, while with liver the rates were 68 and 
49 microliters. Brain resembled heart and kidney but the effect of ma- 
lonate was less definitive. The result with liver is in agreement with 
Lehninger’s finding (4) that washed residues from isotonic liver homogen- 
ates can oxidize pyruvate to acetoacetate in the presence of malonate. 
Since heart and kidney homogenates could not burn pyruvate in the pres- 


* We wish to thank Mrs. G. G. Lyle for carrying out this determination. 
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ence of malonate, these tissues must have very little of the alternative 
pathway possessed by liver. Apparently they are also unable to convert 
pyruvate to acetate to any appreciable extent, at least in the absence of 
oxalacetate. 

The inhibition of pyruvate oxidation by 0.004 Mm malonate in kidney and 
heart Was interpreted in terms of an inhibition of the succinate to fumarate 
step. Support for this interpretation was furnished by the experiments 
with oxalacetate alone, which is converted to a mixture of oxalacetate and 


Taste 
Effect of Malonate on Oxygen Uptake 


Conditions as in the text plus 0.003 MgCl, 6.7 10% phosphate (pH 7.2), 
and 0.0035 mM pyruvate, oxalacetate, or an equimolar mixture. The wet weight of 
each tissue is given in the table and the tissues were used as 10 per cent homogenates 
in isotonic KCI. The values are in microliters of O; taken up between 10 and 30 
minutes after the flasks were put on the Warburg apparatus. The results are ay- 
erages of experiments with homogenates from two different animals. 


Malonate 
Tissue Substrate ; 
Heart, 40 me. None 3 2 2 
Pyruvate SO 6 
Oxalacetate a7 
Mixture 106 45 
Kidney, 30 mg. None 6 i 1 
Pyruvate 74 5 4 
Oxalacetate 138 93 42 
Mixture 146 Hi 23 
Brain, 50 me. None 15 6} j 
Pyruvate 6 12 12 
(xalacetate 57 29 18 
Mixture 74 39 19 
Liver, 30) mg. None 27 5 13 
Pyruvate 6S 49 38 
Oxalacetate SH 71 40 
Mixture 5 72 42 


pyruvate, as well as by experiments with both substrates. (The mixture 
was more rapidly oxidized in brain and in heart but not in liver or kidney 
homogenates (cf. (1).) In brain and heart the oxalacetate decarboxylase 
must have been the rate-limiting factor when oxalacetate was the sole 
substrate (see Table 1).) Whether oxalacetate alone or the mixture was 
used, the inhibition by the low level of malonate was very much less than 
that observed when pyruvate was the sole substrate in kidney and in heart 
homogenates. By preventing the formation of oxalacetate in the system 
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containing pyruvate alone, the low level of malonate could inhibit pyry- 
vate oxidation via the Krebs cycle, but when oxalacetate was added, the 
importance of the succinate to fumarate step was minimized, and the 
effect of malonate decreased. However, even when oxalacetate was 
added, the inhibition was not overcome and this raised the question of 
whether the malonate had a direct effect on oxalacetate oxidation or 
whether the effect was still due to the blocked succinate oxidation. 

In the case of oxalacetate plus malonate, a block in the cycle will stil] 
have a strong effect on the oxidation rate, because the amount of added 
oxalacetate is necessarily fairly low (1), and unless it is replenished by the 
functioning of the cycle, the pyruvate cannot be oxidized via the cycle. 
On the other hand, larger amounts of fumarate can be added, to give a 
continually renewed supply of oxalacetate, in which case the experiments 
with heart and kidney homogenates are comparable to those by Krebs and 
Eggleston with minced pigeon breast muscle (5, 6). With the usual 
amounts of homogenate and periods of incubation, a plot of oxygen uptake 
against fumarate concentration revealed a constant inhibition of between 
10 and 20 per cent by 0.001 m malonate over a fairly wide range of fuma- 
rate concentrations, when pyruvate was constant at 0.0053 m and oxalace- 
tate was omitted. The result obtained with 0.0053 m fumarate may be 
seen in Fig. 1 (among other data, see below). This amount of inhibition 
was less than the theoretical 20 per cent for a cycle with the succinate to 
fumarate step specifically inhibited. This small inhibition may be ex- 
plained partly on the basis that the latter step was probably not contrib- 
uting the theoretical fraction to the control rate, and partly on the basis 
of the effect of malonate described below. 

“High” Malonate—The results cited above suggest that the main effect 
of malonate at the low level of 0.004 m is to block the Krebs cycle at the 
succinate-fumarate step. Furthermore, the data suggest that for this 
fraction the block is essentially complete at this level of malonate. But 
the data in Table I show that when the malonate concentration was in- 
creased from 0.004 to 0.02 m a further marked reduction in the rate of oxida- 
tion of oxalacetate plus pyruvate was observed. If the succinate step is 
blocked by the low level of malonate, the effect produced by higher levels 
must be elsewhere. In Fig. | is presented the effect of malonate on vari- 
ous substrate combinations. The system containing fumarate and pyru- 
vate is the one that is least dependent upon the succinate step, and it was 
affected but little by 0.004 mM malonate, as mentioned earlier. However, 
as the concentration of malonate was increased to 0.02 m, a marked in- 
hibition was observed with the fumarate-pyruvate combination, and 
parallel results were obtained with oxalacetate alone. The curves in Fig. 
1 fall into two categories, with the pyruvate alone and the succinate 
showing strong inhibition by 0.004 « malonate and the oxalacetate alone, 
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and pyruvate plus fumarate showing less inhibition at 0.004 m malonate 
but rather a progressively increasing inhibition up to 0.02 mM malonate. 
Although these data suggest that the higher malonate level had a direct 
effect upon the oxalacetate oxidation per se, analytical data were needed 
to supplement the measurements of oxygen uptake. 

Analytical Data -If malonate could inhibit oxalacetate oxidation di- 
rectly, one might expect to obtain a decrease in oxalacetate disappear- 
ance in the presence of malonate. Since malonate has been reported to 
inhibit the decarboxylation of oxalacetate (7), the experiments were 


2004 
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MALONATE MOLARITY 


Fie. 1. Effect of malonate concentration on the oxidation of various intermediates 
in the Krebs tricarboxyvlic acid cycle. The data are given in microliters of oxygen 
in 30 minutes following a 10 minute equilibration. Conditions as in Table I with 
03 ml. of 10 per cent isotonic KCI kidney homogenate per flask. Substrate concen- 
trations, fumarate plus pyruvate, each at 0.0053 u; oxalacetate, 0.0035 M; succinate, 
0.0033 pyruvate, 0.0035 


performed with a mixture of oxalacetate and pyruvate. The results are 
shown in Fig. 2. The effect on keto acid disappearance is closely corre- 
lated with the effect on oxygen uptake described in Fig. 1. The oxidation 
of oxalacetate requires magnesium ions, and the inhibition by malonate 
depends upon the concentration of magnesium, as shown in Fig. 3. The 
theoretical aspects of these curves will be discussed later. Here it may be 
stated that neither succinate nor malate oxidation per se requires mag- 
hesium ions. 

The inhibition of oxalacetate disappearance does not necessarily indi- 
cate a direct effect by malonate. However, measurements of citrate 
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accumulation might be expected to be a more direct indication of a block 
near the Krebs condensation. ‘Table II] shows that malonate decreases 
citrate accumulation, and in addition shows that very little citrate aceu- 
mulates when pyruvate is the substrate. A block at the succinate step 
would not be expected to decrease citrate formation unless the supply of 
oxalacetate became limiting, which is unlikely under these conditions. 
To localize further the block produced by the higher levels of malonate. 
experiments were carried out on the single step, malate to oxalacetate. 
When malate is oxidized to oxalacetate, the reverse reaction is so strong 
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MALONATE 
x 
i i | 4 i i 
Di 02 OS .02 
MALONATE MOLARITY MAGNESIUM CHLORIDE MOLARITY 
Fic. 2 Fic. 3 


Fic. 2. Experimental points and theoretical curve of oxalacetate disappearance 
in 20 minutes versus final malonate concentration. Conditions as in the text plus 
0.0033 « MgCl,, 0.003 m oxalacetate, 0.003 m pyruvate, and 0.3 ml. of 10 per cent 
water homogenate of rat kidney. 

Fic. 3. Experimental points and theoretical curves of oxalacetate disappearance 
in 25 minutes versus final MgC), concentration. Conditions as in the text plus 0.06 
mM oxalacetate and 0.3 ml. of 10 per cent water homogenate of rat kidney. 


that, unless the oxalacetate is removed, the oxidation stops (8). Table 
III shows that malonate strongly inhibited malate oxidation, but, at the 
same time, the rate of keto acid accumulation was increased. This fact 
alone would suggest that the malonate blocked keto acid removal rather 
than malate oxidation, but further support for this interpretation is gained 
from the fact that 0.01 m malonate does not inhibit malate oxidation in a 
system in which oxalacetate is removed by transamination (8). If the 
accumulation of keto acid in this experiment were to be ascribed to a suc- 
cession of back-reactions from the succinate block, one would expect an 
increase in citrate, but here a decrease was found (Table II). 


ON 
m. 
id 


ul 
r 
| | | 
| 
i? 
af 


-& 2 


as 


A. B. PARDEE AND V. R. POTTER 247 


Attempts were made to learn whether malonate acted as a competitive 
inhibitor for oxalacetate, pyruvate, or a pyruvate derivative. Since both 


Il 
Citrate Production 


Liver, sample at 20 minutes, conditions as in the text plus 0.0053 m substrate, 0.4 
ml. of 10 per cent liver homogenate in isotonic KCl. Brain, sample at 70 minutes, 
conditions as in the text plus 0.003 mw MgCl,, 0.0045 mw substrate, 0.8 ml. of 10 per cent 
rat brain homogenate in isotonic KCI. 

The results are given in micromoles of citrate per flask. 


Liver 
Additions 
No malonate 0.93 « malonate 
Oxalacetate, 0.008 uw MgCl, 1.65 81 
0.0366 0.93 0.70 
Brain 
No 0.01 malonate 
Oxalacetate 0.70 0.50 
oxalacetate to pyruvate 0.41 0).28 
Pyruvate 0.07 0.06 


Taste Ill 
Orygen U plake and Production of Keto Acid from Malate 


Conditions as in the text plus 0.003 « MgCl,, 0.0027 m malate, and 0.3 ml. of 10 
per cent rat kidney homogenate in isotonic KCI]. The data are in micromoles of 
keto acid found per flask at 0 to 40 minutes, and microliters of O; taken up in the 
10 minutes following equilibration. 


Malonate 

Time 

Om u 0.03 
min 

0.04 0.04 0.02 

10 0.10 0.19 0.16 

0.13 0.20 0.19 

0.17 0.21 0.21 

10-20 min. 23 5 () 


oxalacetate and malonate inhibit a succinic enzyme, one might expect 
malonate to inhibit an oxalacetic enzyme. llowever, no support for this 
idea was obtained, since increases in pyruvate had no effect and increases 
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in oxalacetate actually increased the inhibition. The latter effect may 
have involved the magnesium ion in a manner analogous to the effect of 
malonate, which will be discussed below. 


DISCUSSION 


The above data show that the oxidation of oxalacetate to tricarboxylic 
acid is inhibited by malonate, and that Mg** decreases this inhibition, 
though high concentrations of Mg** also inhibit. 

Malonate could cause the observed effect by at least two possible 
mechanisms. It might act as a competitive inhibitor by combining with 
the enzyme at a location where Mg** must combine. This seems unlikely 
because Mg** and malonate have opposite charges and are structurally 
dissimilar. A second possibility is that malonate forms a complex with 
Mg**, lowering the effective concentration of Mg** in the solution. A 
binary complex with a dissociation constant of 10-* has been reported (9). 

The question now arises as to whether this constant is of the right 
magnitude to explain the observations. An equation in which v is the 


VA i Mg 


(1 + (1 + 100M)K, Mg)(1 + K:Mg) (1) 


velocity of the reaction, and Mg and M are the concentrations of disso- 
ciated Mg** and dissociated malonate, was used to plot the curves in Figs. 
2 and 3. The constants V, A,, and K, were determined from three ex- 
perimental points in Fig. 3, with malonate absent, and had the values 9.0, 
1.9 X 10°, and 32, respectively. The constant V depends on the amount 
of enzyme present and was determined separately for Fig. 2 from the value 
obtained with no malonate present. The equation was derived by as- 
suming that Mg** reversibly combines with enzyme as a cofactor with 
association constant A, and as an inhibitor with association constant K,, 
and that malonate inhibits by forming a complex with Mg** combined as 
a cofactor, as well as by lowering the concentration of free Mg**. This 
would be similar to the inhibition of enolase by fluoride, in which an inac- 
tive fluorophosphate is formed with Mgt* bound to the enzyme (10). 
We conclude that complex formation could account for the inhibition by 
malonate, because the data obtained with malonate fit the equation de- 
rived from data in the absence of malonate. 

When malonate is added to a reaction mixture, it should not be assumed 
that its only effect is to prevent oxidation of succinate. It can also in- 
hibit the oxidation of oxalacetate, and since a number of other enzyme 
systems also require Mg** as a cofactor the effect on these systems 
should also be taken into account. It should also be noted that addition 
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of excess Mg** does not bring the rate of reaction back to its maximum 
value. 

In attempting to block the conversion of succinate to fumarate in the 
cyclic oxidation of oxalacetate, malonate cannot be used without affecting 
oxalacetate removal. It would appear from Fig. 1 that the greatest differ- 
entiation between the two steps can be obtained with a malonate concen- 
tration of about 0.004 m, although it is clear that this has some effect on 
the oxalacetate step, while it is not completely effective in blocking the 
succinate step. Moreover the blocking of succinate oxidation with this 
level of malonate is a function of the succinate concentration. From the 
Michaelis-Menten equation in the form 


I (2) 
K, l S 
( 
ry (3) 
S 
K (1+ 


in which v, is the velocity in the presence of malonate at molarity 7 and 
succinate at molarity S, vp is the velocity with no malonate but with sub- 
strate at molarity S, and A, and A, are the dissociation constants of suc- 
cinate and malonate respectively. From this equation, using 6 X 10° 
mfor A,, 1 & 10-*™ for A, (11), and 0.004 m for J, one obtains a theoreti- 
eal value of 0.037 for v/v when WS is 0.0033 m. When the value for / 
is corrected for the effect of the Mg (see above), the value for v,/ 7 becomes 
0.046. In Fig. I, the observed value for v,;/vo at 0.0033 mM succinate was 
0.11 when corrected for the endogenous respiration and 0.15 with no cor- 
rection. The agreement with the theoretical figure is fairly good, although 
the observed inhibition was lower than the theoretical. It seems likely 
that the actual extent of the inhibition of the succinate step by malonate 
under the conditions described for Fig. 1 is closer to the theoretical on the 
following basis: The data for both v,; and vp are based on a 30 minute period, 
during which both rates were declining. However, in the case of the vp» 
rate the decline was largely due to the rapid decrease in S, and should be 
extrapolated to zero time to get the true value of vm when S is 0.0033 m. 
On the other hand, the rate for v; could not have declined because of a de- 
crease in SS, since the rate was so low that the decrease in S was small in 
comparison with the original amount. The original rate in the case of 
the »; measurement included a larger non-succinate component than the 
t Measurement, but at this level of respiration the adenosine triphos- 
phate would not be maintained and the rate would decline as the system 
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reverted to succinate oxidation, Thus the final rate in the +, measurement 
might be more logically compared with the initial rate from the ro measure- 
ment. Taking the rate at 30 minutes as the final x; rate, we obtained 
a Value of 0.066 for ev, rm. Thus the theoretical inhibition was 95.4 per 
cent, and the observed value was 89 per cent uncorrected and 93.4 per 
cent when corrected. From Equation 3, the theoretical inhibition as sue- 
cinate approaches zero is 97 per cent at 0.004 Mm. 

Thus the suecinate step can be fairly wel! blocked with 0.004 malonate 
in the oxalacetate-oxidizing sysiem when no succinate ts added. If sue- 
cinate is added or if the experiment is continued long enough to accumu- 
late appreciable amounts of succinate, the effectiveness of the block will 
decrease to an extent that can be calculated with the aid of Equation 3 
and the dissociation constant for magnesium malonate. However, it 
would appear that it will not be possible to inhibit succinate oxidation 


effectively without partially inhibiting oxalacetate oxidation. 


SUMMARY 


1. Malonate inhibits oxidations in the Krebs tricarboxylic acid cycle in 
fortified homogenates by at least two mechanisms. 

2. In addition to the well known inhibition of succinate oxidation, mal- 
onate inhibits the oxidation of oxalacetate. 

3. The inhibition of oxalacetate oxidation by malonate was shown to 
depend on the concentration of magnesium ions, and it was shown that the 
effect could be explained in terms of the formation of a complex of malo- 
nate with free and bound magnesium. | 

4. Observations on various tissues and substrate combinations were 


discussed in terms of the Krebs tricarboxylic acid cycle. 
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THE INFLUENCE OF TEMPERATURE AND HYDROSTATIC 
PRESSURE ON THE DENATURATION OF METHEMO- 
GLOBIN BY URETHANES AND SALICYLATE* 


By FRANCES McKEE SCHLEGEL ano FRANK H. JOHNSON 
(From the Biological Laboratory, Princeton University, Princeton) 


(Received for publication, November 1, 1948) 


The denaturation of methemoglobin by sodium salicylate was found by 
Anson and Mirsky (1) to be reversible upon removal or dilution of the 
salicylate and to have essentially no temperature coefficient. Evidence 
from kinetic studies has shown (2-7) that several proteins are denatured by 
heat and by urethane (reversibly or irreversibly, depending on the con- 
ditions and the protein) with a high temperature coefficient and with a 
volume change of the order of +50 to +100 cc. per mole. Because of the 
volume increase these denaturations are opposable by pressure (8). 

Methemoglobin provides a protein system favorable for spectroscopic 
and colorimetric study, since, in solutions of 1 per cent or less, both the 
native form and the reversibly denatured product in the presence of sali- 
cylate are known to be soluble, and because a marked and characteristic 
difference in the visible light absorption spectrum exists between the two 
forms. ‘This paper reports a study of the effects of pressure, temperature, 
sodium salicylate, and urethanes on the methemoglobin system. 


EXPERIMENTAL 


The colorimeter and the pressure-resistant absorption cell, referred to 
as the bomb, were described previously (9). Advantage is taken of the 
difference between native and denatured methemoglobin in the absorpton 
of the energy of the 546 mu mercury line for the quantitative measure of 
the two forms. 

In some experiments, the methemoglobin and denaturant were mixed 
under pressure, by using specially made, very thin walled glass vials into 
which could be sealed the material to be introduced into the solution in 
the bomb after pressure was applied. Pressures up to 680 atmospheres 
can be applied quickly, and as a result the glass vial is crushed. 

For making spectrograms of solutions under pressure a special carriage 
for the colorimeter bombs was made to replace the standard cell carriage 
of the model DU Beckman spectrophotometer. Because the glass windows 
are about 2 cm. thick,’ with openings in the bomb of only 0.5 cm. in diam- 


* Aided by a grant from the American Cancer Society, through the Committee on 
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eter, and because the light path in the solution in the bomb is 5 cm. long 
instead of the standard | cm., optical density readings of the Beckman 
instrument, taken while the bombs are being used as cells, cannot be quanti- 
tatively compared to readings made with the standard absorption cell, 
However, comparisons between spectrograms of the same solution, under 
normal and increased pressure, respectively, are valid, as well as com- 
parisons of the contours of the other spectrograms in general. 

Methemoglobin solutions were made from bovine blood and stored ae- 
cording to the methods described by Anson and Mirsky (10). The laked 
blood was filtered through a Berkefeld filter in order to remove the stroma 
before being used or stored. Solutions of methemoglobin in a final con- 
centration of 0.1 per cent were employed in all experiments except in the 
spectroscopic studies of solutions under pressure, in which 0.05 per cent 
solutions were used. 

Reversal of methemoglobin denaturation upon dilution of the salicylate 
and the independence of temperature of this native denatured methemo- 
globin equilibrium were confirmed. 

Methemoglobin in solutions of urethane of concentrations greater than 
4.5 m have the same red color as methemoglobin in 0.5 mM sodium salicylate. 
This salicylate concentration, according to Anson and Mirsky (10), gives 
complete denaturation. Fig. 1 shows the correspondence between the 
spectrograms of methemoglobin in 4.5 mM urethane and methemoglobin in 
0.5 m salicylate, in contrast to that of native methemoglobin. Dilution 
or removal of salicylate to 0.2 M results in a solution whose spectrogram 
is shown in Fig. 1, Curve 3, indicating a partial reversal of the reaction. 
Dilution of the urethane solutions, however, results in precipitation of the 
protein and, although the red color disappears, the reaction is not simi- 
larly reversed. 

At 24° methemoglobin is precipitated from solutions in proportion to 
the urethane concentration, in the range of 1 to 2.5m. In concentrations 
above 2.5 m the amount of precipitate decreases and the supernatant liquid 
becomes increasingly red in color until, when methemoglobin is added to 
a urethane solution to make it 4.5 m in urethane and 0.1 per cent methe- 
moglobin, there is no visible precipitation. In this case, the spectrogram 
of Fig. 1, Curve 2, is obtained. The spectrogram of the supernatant liquid 
from a 2 M urethane solution is represented by Curve 5 of Fig. 1. The 
spectrogram of methemoglobin in 0.5 m urethane is indistinguishable from 
that of native methemoglobin. 

All methemoglobin solutions in concentrations of urethane greater than 
1 M respond to temperature change. If precipitation at 24° is incomplete, 
an increase in temperature will effect essentially complete precipitation 
somewhat before the temperature reaches 60°, or at lower temperatures 
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if the concentration is increased from 1 to 2.5 mM. The red solution char- 
acteristic of the liquid phase in the urethane concentrations greater than 
2.5m becomes straw-colored above 55°. This color is to the naked eve 
indistinguishable from that of native methemoglobin, but it does not have 
the same spectrogram, as shown in Fig. 2. The color is completely re- 


versed on cooling to the former red color as shown by Curve 4 of Fig. 2. 


sec” 


OPTICAL DENSITY ON BECKMAN SPECTROPHOTOME TER 
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Fic. 1. Curve 1,0.1 per cent native methemoglobin; Curve 2,0.1 per cent methemo- 
globin in 4.5 mw urethane; Curve 3, 0.1 per cent methemoglobin in 0.2 m sodium salicy- 
late; Curve 4, 0.1 per cent methemoglobin in 0.5 m sodium salicylate (complete 
denaturation); Curve 5, supernatant liquid from the precipitate of a solution made 
up to 0.1 per cent methemoglobin and 2 Mm urethane. 


A solution of native methemoglobin at 60° during a short exposure to this 
temperature has the same spectrogram as at 24°. 

The application of pressures up to 680 atmospheres had no detectable 
effect on the equilibrium between native and denatured methemoglobin 
in the presence of salicylate in concentrations between 0.1 and 0.5 M, the 
range in which denaturation varies from 0 to 100 per cent according to 
Anson and Mirsky (1). Likewise pressure had no effect on the light ab- 
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sorption by methemoglobin in 4.5 m urethane. After crystalline salicylate 
had been added under 680 atmospheres of pressure to a methemoglobin 
solution in the colorimeter bomb, a sudden increase of 20 per cent in ab- 
sorption occurred if the pressure fell below about 6 atmospheres. Appli- 
cation of pressure again did not change the absorption, nor did the release 
of it a second time cause further increase of absorption. The spectrogram 
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Fic. 2. Curve 1, 0.1 per cent native methemoglobin at 60°; Curve 2, solution cooled 
to 24° after spectrogram of Curve 1 was taken; Curve 3, 0.1 per cent methemoglobin 
in 4.5m urethane at 60°; Curve 4, solution cooled to 24° after spectrogram of Curve 3 
was taken. 


before and after pressure release on a methemoglobin solution to which 
crystalline sodium salicylate was added under 680 atmospheres of pressure 
are shown in Fig. 3. The spectrogram, under pressure, of a sodium sall- 
cylate solution to which methemoglobin was added under pressure is also 
shown in Fig. 3, Curve 3. 

A series of saturated solutions of various urethanes in methemoglobin 
was prepared. The urethane used and the temperature at which tur- 
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Fic. 3. Curve 1, 0.05 per cent methemoglobin in which crystalline salicylate to 
make a 0.5 m solution was dissolved under 680 atmospheres of pressure and the spec- 
trogram taken at this pressure; Curve 2, solution after spectrogram of Curve 1 was 
taken and the pressure released; Curve 3, 0.5 m sodium salicylate solution to which 
methemoglobin to make 0.05 per cent was added under 680 atmospheres of pressure 
and the spectrogram taken at this pressure; Curve 4, 4.5 Mm urethane solution to which 
methemoglobin to make 0.05 per cent was added under 680 atmospheres of pressure ; 
Curve 5, solution after spectrogram of Curve 4 was taken and the pressure released. 
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Temperature for Turbidity in Presence of Various Urethanes* 


— 


n-Butylearbamate 38 53 
lsoamylearbamate 40  n-Dodecylearbamate...... 5S 
n-Amylearbamate . 42 Ethyl-N-phenylearbamate 5S (slow) 
n-Hexylearbamate......_.. 43. Ethyl-N, N-diphenylear- 


* Some of these urethanes were kindly supplied by Dr. E. C. Kleiderer of the Lilly 


Research Laboratories and by Dr. E. Oppenheimer of Ciba Pharmaceutical Prod- 


ucts, Inc. 


bidity readily developed are listed in Table I. Native methemoglobin 
shows turbidity at 60° only after a protracted period of time. 
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DISCUSSION 


The similarity of the methemoglobin spectrograms in Fig. |, Curves 2 
and 4 (urethane solution and salicylate solution), indicates that the same 
molecular configuration exists in both cases. Since Anson and Mirsky 
have established in various ways that the protein in 0.5 M salicylate is jn 
a proper sense denatured methemoglobin, it seems clear that urethane 
also denatures this protein. This result is in agreement with the observed 
effect of urethane in kinetic studies of luminescence, tobacco mosaic virus, 
and invertase (2-7). Moreover, as in the previous studies with the other 
systems mentioned above, the equilibrium between the protein and ure- 
thane is markedly affected by temperature. This is in contrast to the 
reaction involving salicylate. 

Precipitation of methemoglobin by urethane is dependent upon tem- 
perature, with urethane concentrations less than 2.56 m. The red solution 
at concentrations greater than 2.5 m becomes straw-colored on heating, 
but the straw color of such a solution, though reversible to red on cooling, 
is actually not the straw color of native methemoglobin, as shown by the 
spectrograms of Fig. 2, Curves 1 and 3. Thus, heating does not reverse 
the denaturation as it might appear, and a different equilibrium is evi- 
dently concerned. 

Again, unlike the effect in salicylate solutions, reversal of denaturation 
does not result from dilution of a 4.5 m urethane solution of methemo- 
globin. Rather, the molecules of the red solution react in some manner 
to form a protein precipitate which cannot be redissolved in saturated ure- 
thane. The supernatant of such a precipitate has a spectrogram with 4 
contour like that of the red solution, which indicates that denaturation is 
still complete. The reactions of methemoglobin with urethane are ob- 
viously more complex than with salicylate. 

Since pressure had no effect on the absorption of energy from the 546 
mu line by methemoglobin solutions in any concentration of sodium sali- 
cylate, nor in 4.5 mM urethane, the denaturation to this form evidently pro- 
ceeds with no net volume change. If denaturation could be prevented by 
pressure, it would not have been complete when methemoglobin was added 
under 680 atmospheres to sodium salicylate solution, as it is shown to be 
by the spectrogram of Fig. 3, Curve 3. What appears to be prevention 


of denaturation by pressure when crystalline salicylate is dissolved in | 


methemoglobin solution under, 680 atmospheres of pressure (Curve 1, Fig. 


3) must be the result of a complex form of salicylate in solution under 
pressure which is not 9« effective a denaturant as the salicylate form in 
solutions at pressures of a few atmospheres or less. 

The temperatures at which the different urethanes produced turbidity 
as compared to the temperature at which a solution of native methemo 
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globin becomes turbid indicate that all these urethanes promote dena- 
turation. The order of temperatures at which precipitation occurs is the 
order of increasing lyophobia resulting from the groups which replace the 
ethyl group of urethane. 


SUMMARY 


1. Urethane in a concentration of 4.5 m denatures methemoglobin to 
the same product as that caused by salicylate, but the innatured methemo- 
globin behaves differently with respect to temperature and to dilution of 
the urethane than it does with salicylate. 


2. There is no net volume change in the denaturation of methemoglobin 
by salicylate nor by urethane of 4.5 M. 

3. Each of a series of urethanes appears to be an effective denaturant, 
and the temperature at which denaturation is observed decreases with in- 
creasing lyophobia of the urethane derivatives, according to the substit- 
vents in place of the ethyl group of urethane. 
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A STUDY OF THE METABOLISM OF DIETARY HYPOXAN- 
THINE AND XANTHINE IN THE RAT* 


By HELEN GETLER, PAUL M. ROLL, JOHN F. TINKER, ano 
GEORGE BOSWORTH BROWN 


(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, 
New York) 


(Received for publication, November 5, 1948) 


It was previously reported (1) that dietary adenine is utilized by the 
rat as a precursor of both the adenine and the guanine of nucleic acids. 
Although several compounds containing 1 to 3 carbons have been shown 
to be incorporated into uric acid (2, 3) or guanine (4), none of the more 
complex precursors of the purine ring has been identified. 

The postulation that the immediate metabolic precursor of adenine 
is the corresponding oxygen analogue, hypoxanthine, is supported by 
several lines of evidence. The demonstration by Krebs et al. (5, 6) 
that pigeon liver slices synthesize hypoxanthine led him to suggest that 
it is an intermediate in the formation of uric acid in the pigeon. Sonne, 
Buchanan, and Delluva (2) have pointed out that their results are in 
accord with Krebs’ hypothesis. Greenberg (7) has demonstrated that 
formic acid, which is a precursor of uric acid in the intact animal (2), 
is also incorporated into the hypoxanthine produced in pigeon liver ho- 
mogenates. In the case of Neurospora crassa, forty-five adenine-re- 
quiring mutants have been characterized, and of these forty-three utilize 
hypoxanthine in lieu of adenine for their purine requirements (8). The 
interconvertibility of the 5’-nucleotides of hypoxanthine and adenine, 
muscle inosinic and muscle adenylic acids, has been demonstrated through 
the rapid uptake of isotopic NH, into the 6-amino group of this adenylic 
acid (9). 

In addition, folie acid-deficient Escherichia coli produces (10, 11) 5(4)- 
amino-4(5)-imidazolecarboxamide and it has been shown (12) that glycine 
or threonine) in the medium stimulates the production of this imidazole. 
This, in conjunction with the data showing that glycine is a specific 
precursor of uric acid, supports the suggestion of the latter authors that 
this imidazole derivative plus formic acid is the immediate precursor 
of hypoxanthine and thence of other purines. 

If these arguments are valid and if hypoxanthine is converted to ade- 


* The authors wish to acknowledge the assistance of the National Cancer Institute 
of the United States Public Health Service, the Office of Naval Research, and the 
James Foundation of New York, Inc. 
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nine by replacement of the 6-hydroxy!l by an amino group, a similar re. 
lationship might result in the amination of the 2 position of xanthine 
to yield guanine. 

To test these hypotheses we have prepared hypoxanthine and xapn- 
thine, each labeled with isotopic nitrogen in the 1 and 3 positions, 
Hypoxanthine was first prepared by the deamination of isotopic adenine; 
however, the product so prepared is difficult to free from the last traces 
of adenine and it was preferable to synthesize hypoxanthine independ- 
ently. The sample of xanthine was prepared by deamination of isotopic 


guanine. 
Feeding of Hypozanthine and Xanthine 
Hypoxanthine, 26mg. Hypoxanthine, 200mg. Xanthine, 105 
per kilo per day per kilo per day per kilo per day’ 
Atom per on basis Atom per on basis 
eons of 100°) in cont of in cont of 100% ia 
Dietary purine oe 100 7.67 100 5.37 100 
Nucleic acids 0.006 0.14 0.011 0.14 0.006t 0.11 


Purines from nucleic 0.002% 0.05 0.014§ 0.18 0.003§ 0.06 


Muscle protein 0.000 0.00 

Allantoin 0.333 7.7 2.95 38.5 1.32 24.6 
Urea 0.009 0.21 O.O17 0.22 0.015 0.2 
Ammonia | 0.0290 
Total urinary N 0.256 


* Consolidated-Nier ratio mass spectrometer, average error + 0.002. 
Sodium nucleates. 

Purine hydrochlorides. 

§ Copper purines. 


Hypoxanthine was fed to rats in two experiments, at levels of 26 and 
200 mg. per kilo of body weight per day. These levels correspond on 4 
molar basis to the two levels at which adenine was administered to rats 
(1). The results (Table 1) show that dietary hypoxanthine is not uti- 
lized as a precursor of nucleic acid purines nor of the extractable purines 
of muscle. Conversion to urinary allantoin was extensive; 7.7 and 38.4 
per cent of the urinary allantoin were derived from the labeled dietary 
hypoxanthine. These values are somewhat higher than those obtained 
from the corresponding levels of adenine, which were 5.5 and 27.0. 

The possibility remains that some derivative of hypoxanthine may 
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be involved in the elaboration of nucleic acid purines but, in the rat, 
the mediation of the free dietary hypoxanthine is excluded. 

The labeled xanthine was fed at a level of 105 mg. per kilo of rat per 
day, which is 3.5 times the lower level at which adenine and hypoxan- 
thine were administered. There was no incorporation of its isotopic 
nitrogen into the nucleic acids, but it also was extensively converted 
to allantoin. 

In the case of both hypoxanthine and xanthine, little isotopic nitrogen 
was found in the ammonia or in the urea. The values obtained repre- 
sent a slightly more significant degradation to ammonia than resulted 
when uric acid was fed (13), when the actual atom per cent excess N% 
of the allantoin and the urea was 5.37 and 0.006 respectively. The fact 
that the ring nitrogens of these oxypurines lead to no more than traces 
of ammonia and urea substantiates the earlier supposition that the ap- 
preciable amount of N“ found in the urea after the feeding of guanine 
(1) was indeed derived from the labeled 2-amino group of the guanine, 
and not from its ring nitrogens. 


EXPERIMENTAL 


Hyporanthine, from Adenine—-The deamination (14) of 850 mg. of 
adenine labeled in the | and 3 positions (1) (6.4 atom per cent excess 
N4) yielded 271 mg. of hypoxanthine. Counter-current distribution 
analysis (15) in n-butanol-l mM phosphate buffer, pH 6.5, showed that this 
specimen of hypoxanthine (K = 0.55) contained nearly 20 per cent of 
adenine (K = 2.2). These were separated by a twenty-one plate pre- 
parative distribution in n-butanol-water, in which the distribution con- 
stants are nearly the same as in the buffer, but from which the recovery 
could be accomplished more easily because of the absence of salts. 500 
ce. separatory funnels were used with 200 cc. portions of each solvent in 
each. The contents of Funnels 14 through 19 were combined and con- 
centrated in vacuo (in contrast to the situation in the “distribution ma- 
chine” the lower phase was transferred from funnel to funnel, so that 
the more water-soluble hypoxanthine migrated more rapidly down the 
series of funnels). The purified hypoxanthine, 64 mg., was recovered 
by crystallization from water and an analytical counter-current distri- 
bution showed it to contain not more than a fraction of a per cent of 
adenine. 52 mg. of this product were mixed with 39 mg. of normal hy- 
poxanthine and this sample, containing 4.34 atom per cent excess N*%, 
was fed in the first experiment. 


Analysis—C,H,ON,. Calculated,' N 41.3; found, N 39.7 


‘Corrected for content of isotopic nitrogen. 
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Hypoxanthine, Synthesis—Thiourea, containing 16 per cent excess N%, 
was prepared (16) in 91 per cent yield from ammonium nitrate. 

4,5-Diamino-6-hydroxypyrimidine hydrochloride was prepared ac- 
cording to the procedures described (17), except that, in the dethiolation, 
4 gm. of Raney’s nickel, 1.0 gm. of anhydrous potassium carbonate, and 
10 cc. of water were used for 1.85 gm. of the 4,5-diamino-6-hydroxy-2. 
thiopyrimidine. After the solution had been refluxed, Darco was added 
and the solution was warmed and filtered. The filtrate was cooled and 
saturated with dry HCl, again cooled, and the product collected. 1.43 
gm. of product containing potassium chloride were obtained. The speec- 
trum of the crude product agreed with that of 4,5-diamino--hydroxy- 
pyrimidine (18) and it was estimated that 640 mg. of the pyrimidine 
hydrochloride were present. A second crop was precipitated by the 
addition of aleohol and it contained about 630 mg. of the pyrimidine. 

The closure of the imidazole ring to form hypoxanthine was accom- 
plished by the method developed for isoguanine and 2,6-diaminopurine 
(19). The 1.43 gm. of crude product and 11 ce. of 1 N formic acid in 
anhydrous formamide were heated in a sealed tube at 160° for 2 hours. 
The tube was opened and the contents were evaporated to dryness on a 
steam bath under a current of air. The residue was recrystallized from 
0 cc. of water, after treatment with Darco, and 310 mg., 71 per cent 
based upon the estimated quantity of the pyrimidine used, were ob- 
tained. The hypoxanthine contained 7.67 atom per cent excess N®. 


Analysie—C HON, Calculated,’ N 41.4; found, 41.3 


Counter-current distribution analysis in n-butanol-1 M phosphate, pH 
6.6, showed a K = 050 and a homogeneity of 98 + 2 per cent. 

Xanthine—Xanthine containing isotopic nitrogen in the 1 and 3 pos 
tions was prepared by the deamination (20) of guanine, which contained 
an excess of isotopic nitrogen in the 2-amino group and in the 1 and 3 
nitrogens of the ring (1). 815 mg. of xanthine containing 5.37 atom 
per cent excess N“ were obtained from 1 gm. of guanine. 


Analysie—C HO,X,. Calculated,’ N 36.8; found, N 36.1 


Counter-current distribution analysis showed it to be 98 + 2 per cen! 
homogeneous. 

Feeding Experiments—The animals used were adult male Sherman 
strain rats. For a few days prior to the experiment, they were fed 4 
diet consisting of 60 gm. (dry weight) per kilo of rat per day of ground 
pellets of Purina chow mixed with water. The urine was collected under 
toluene. The animals were fed the labeled compound admixed with 
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the moistened food for 3 or 4 days. On the next day they were given 
pellets and were sacrificed by urethane anesthesia at the end of that day. 

Hypoxanthine Feeding; Experiment [Four rats with a combined weight 
of 1162 gm. were fed 91 mg. of hypoxanthine, prepared from adenine, over 
a 3 day period. 

Experiment I[—Two rats weighing a total of 430 gm. were fed 258 
mg. of synthetic hypoxanthine over a period of 3 days. 

Xanthine Feeding—Your rats weighing a total of 1356 gm. were fed 
571 mg. of xanthine over a period of 4 days and they were sacrificed on 
the Sth day. 

Jsolations -From the urine ammonia was isolated by adsorption on 
permutit, urea as the dixanthydrol derivative, and allantoin via the 
mercury salt (1). Sodium nucleates, nucleic acids, and purine hydro- 
chlorides (1) or copper purines (21) were isolated from the combined 
viseera. 

In the two hypoxanthine experiments, copper purines were also iso- 
lated from the frozen muscle. The muscle was homogenized in a Waring 
blendor with 10 per cent trichloroacetic acid and the mixture was heated 
at ®° for 20 minutes. It was then strained through cheese-cloth and 
the residue was again extracted with hot 5 per cent trichloroacetic acid. 
The combined extracts were filtered through Celite by suction and the 
copper purines were isolated (21). 


The authors wish to thank Roseoe C. Funk, Jr., and Alice Angelos 
for the analyses, Arthur Brandt for assistance with the counter-current 
distribution, and Dr. Harold Beyer for cooperation with the mass 
spectrometer. 


SUMMARY 


lsotopically labeled hypoxanthine and xanthine have been prepared 
by the deamination of labeled adenine and guanine. Labeled hypo- 
xanthine has also been synthesized independently. 

Dietary hypoxanthine and xanthine are ineffective as precursors of 
nucleic acids in the rat but are extensively converted to allantoin. 


BIBLIOGRAPHY 


|. Brown, G. B., Roll, P. M., Plentl, A. A., and Cavalieri, L. F., J. Biol. Chem., 172, 
409 (LORS). 

2. Sonne, J... Buchanan, J. M., and Delluva, A. M., J. Biol. Chem., 173, 69 (1948); 
Buchanan, J. M., Sonne, J.C., and Delluva, A. M., J. Biol. Chem., 173, 81 (1948). 

3. Shemin, D., and Rittenberg, D., J. Biol. Chem., 167, 875 (1947). 

4. Abrams, R., Hammarsten, E., and Shemin, D., J. Biol. Chem., 173, 429 (1948). 

5. Edson, N. L., Krebs, H. A., and Model, A., Biochem. J., 30, 1380 (1936). 


on, 

und 

led 

ind 

43 

line 

the 

om- 

rine 

1 in 

urs 

ma 

rom 

cen! 

ob- 

ph 
post: 

nd 3 

atom 


204 HYPOXANTHINE AND XANTHINE METABOLISM 


Orstrém, A., Orstrém, M., and Krebs, H. A., Biochem. J., 38, 990 (1939). 
Greenberg, G. R., Arch. Biochem., 19, 337 (1948). 

Mitchell, H. K., and Houlahan, M. B., Federation Proc., 6, 370 (1946). 
Kalckar, H. M., and Rittenberg, D., /. Biol. Chem., 170, 455 (1947). 
Stetten, M. R., and Fox, C. L., Jr., J. Biol. Chem., 161, 333 (1945). 


Shive, W., Ackermann, Ww. Gordon, Getzendaner, M and bakin, R. 


J. Am. Chem. Soc., @, 725 (1947). 


. Ravel, J. M., Eakin, R. and Shive, W., J. Biol. Chem, 178, 67 (1948). 


Brown, G. B., Roll, P. M., and Cavalieri, L. F., J. Biol. Chem., 171, 835 (1947). 

Koasel, A., Z. physiol. Chem., 10, 248 (1886). 

Tinker, J. F., and Brown, G. B., J. Biol, Chem., 173, 585 (1948). 

Plentl, A. A., and Schesnhoimer, R., J. Biol. Cicn.. 163, 203 (1944). 

Roblin, R. O., Jr., 4.0. English, J.P... Cole, Q. P., and Vaughan, J.R., 
Jr., J. Am, Chem. Soc., 67, 200 (1945). 

Cavalieri, L. F., Bendich, A., Tinker, J. F., and Brown, G. B., J. Am. Chem. Soc, 
70, 3875 (1948). 

Bendich, A., Tinker, J. F., and Brown, G. B., J. Am. Chem. Soc., 70, 3109 (1948). 

., Ann, Chem., 216, 253 (1882). 
139, 843 (1941). 


BF awe 


> 


(2) 
on 
by 
the 


| 
P 
nek 
diaz 
of th, 


Sf 


THE p-PHENYLAZOBENZOYL ESTERS OF THE NATURAL Es- 
TROGENS AND THEIR SEPARATION BY CHROMATO- 
GRAPHIC ADSORPTION® 


Br ERNEST J. UMBERGER anv JACK M. CURTIS 


(From the Division of Pharmacology, Food and Drug Administration, Federal Security 
Agency, Washington) 


(Received for publication, October 20, 1948) 


The colored esters of p-phenylazobenzoic acid have been used for the 
chromatographic separation of sterols (1, 2), tocopherols (3), sugars (4, 5), 
and sugar derivatives (5-11). Bergel and Cohen (12) prepared the p- 
phenylazobenzoy! ester of estrone but were unable to effect a purification 
of the ester by chromatographing on alumina. Hydrolysis of the recrys- 
tallized ester, however, afforded a better means of purifying estrone than 
did recrystallization of the estrone directly from alcohol. 

The possibility of separating the naturally occurring estrogenic hormones 


found in extracts of pregnancy urine by means of chromatographing their 


pphenylazobenzoy! (abbreviated azoyl) esters was investigated. Since 
the azoy! esters are all highly colored, it was hoped that this method 
might be made the basis for a colorimetric chemical assay. The azoyl 


esters of six of the natural estrogens were prepared and were found to be 
strongly adsorbed on Florisil from an equal mixture of benzene and high 


boiling petroleum ether (Skellysolve C). After development and elution 
of the zones with increasing concentrations of ethanol in Skellysolve C, 
the esters were quantitatively separated into monoazoates and diazoates. 
A procedure, which thus far has been applied only to pure solutions, is 
described for the quantitative estimation of estrone and a-estradiol in a 
mixture. It entails (1) the quantitative preparation of the azoyl esters, 
(2) the removal of the excess azoy! chloride by chromatographic adsorption 
on alumina, (3) the separation of estrone azoate and a-estradiol diazoate 
by chromatographic adsorption on Florisil, and (4) the measurement of 
the color on the Beckman spectrophotometer. 


EXPERIMENTAL 


Preparation of Azoyl Esters of Six Natural Estrogens—Quantitative 
yelds of estrone azoate, equilin azoate, equilenin azoate, a-estradiol 
dazoate, 8-estradiol diazoate, and estriol triazoate were obtained in the 


* The material in this report was taken from a dissertation submitted by Ernest 
J. Umberger to the Graduate School of Georgetown University in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy, June, 1948. 
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following manner: From 10 to 30 mg. of the dry estrogen were weighed 
into a dry glass-stoppered test-tube, and 100 mg. of azoyl chloride (13) 
and 2.0 ml. of anhydrous pyridine (purified by oxidation with ceric sulfate 
according to the method of Wilson and Hughes (14)) were added. The 
tube was stoppered, the stopper secured with a holder, and the tube heated 
in the steam bath for 2 hours. Immediately upon removal from the steam 
bath, the contents of the tube were diluted with 5.0 ml. of anhydrous 
pyridine and 10 ml. of a solution of 5 per cent pyridine in benzene. The 
excess azoy! chloride was removed by passing the solution through a chro- 
matographic column containing 10 gm. of activated alumina wet with 10 
mil. of 5 per cent pyridine in benzene. The ester was completely removed 
from the column by washing with 30 ml. of 5 per cent pyridine in benzene. 


I 
Melting Points of p-Phenylazobenzoyl Esters of Several Natural Estrogens 
Ester 
Estrone azoate*..... 221 .5-223.5 
Equilin .. 243-248 
Equilenin azoate._. 251 -253 
186 .5-187.5 
8-Estradiol diazoate . 174 -175 


* Bergel and Cohen (12) found the melting point of estrone azoate to be 226.5- 
227.5° (corrected) when recrystallized from ethyl acetate. 

t Recrystallized from a dioxane-water mixture. All the other compounds were 
recrystallized from a mixture of carbon disulfide and absolute aleohol. 


The solvent was removed either by distillation or by evaporation on the 
steam bath in a small beaker under a current of air. The yields were 
always slightly greater than 100 per cent owing to a smal! amount of im- 
purity formed in a side reaction between the pyridine and the azoy! chlo 
ride. The esters were recrystallized from a mixture of carbon disulfide 
and absolute ethyl alcohol and their melting points determined by use of a 
short stem thermometer. The results are shown in Table I. The estr- 
diol diazoates contained 1 molecule of water of crystallization when re- 
crystallized from a dioxane-water mixture. The composition of the esters 
was checked by a nitrogen determination.’ 

The esters are all orange to red-colored solids, generally soluble in ben- 


' Nitrogen was determined by HI reduction followed by the Kjeldahl method. 
The authors are indebted to Mrs. Dorris C. Chambers, Division of Allergen Investi- 


gations, United States Department of Agriculture, for these determinations. 
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zene, pyridine, dioxane, chloroform, carbon disulfide, and acetone, but 
insoluble, or very sparingly soluble, in petroleum ether, ethyl! ether, nitro- 
methane, ethanol, and methanol. 

Spectral absorption curves showed the typical absorption for the azo 
grouping with a maximum absorbency at 450 my, the intensity of the ab- 
sorption being proportional to the number of azo groupings present. 

Behavior of Estrogen Azoates on Chromatographic Adsorption Columns— 
In order to select a combination of adsorbent and solvents for the chroma- 
tographic separation of estrone azoate and a-estradiol diazoate, a large 
number of trials were made by dissolving a few crystals of each ester in a 
non-polar solvent and passing the solution through a column of adsorbent 
approximately 1 em. in diameter and from 10 to 15 cm. long. When 
adsorption occurred, the column was washed with more of the same solvent 
and, in general, the zone moved down the column very slowly. To de- 
velop the chromatogram and to hasten elution of one of the fractions, 
amore polar solvent was added to the original solvent. A partial list of 
the combinations tried is shown in Table II. From the general appearance 
of the zones on the column, it seemed as though the separation of estrone 
azoate and a-estradiol diazoate might be accomplished by adsorption on 
alumina with benzene and ethanol as the solvents, on Florisil with Skelly- 
solve C and ethanol or methanol, on a mixture of silicic acid and Filter- 
Cel with carbon disulfide and nitromethane, or on a mixture of Silene EF 
and Filter-Cel with Skellysolve C and ethanol. Adsorption of the esters 
on alumina from a benzene solution and elution with a mixture of benzene 
and ethanol failed to give a quantitative separation, since both zones 
appeared to be eluted as mixtures. A quantitative separation has been 
achieved by adsorption on Florisil from an equal mixture of benzene and 
Skellysolve C and elution with Skellysolve C and ethanol. 

The anomalous effect described by Schroeder (15) as “double zoning”’ 
has been observed also with the estrogen azoates. For example, when 
eestradiol diazoate, which appeared from other criteria to be pure, was 
dissolved in a mixture of equal volumes of benzene and Skellysolve C 
and passed over Florisil, all of the ester was adsorbed in a narrow zone at 
the top of the column. On development with 0.25 per cent ethanol in 
Skellysolve C, two well separated zones were formed. When these zones 
were eluted and rechromatographed, both again produced two zones on 
the column. Materials isolated from both zones appeared to be identical. 
This phenomenon was found to occur in every case in which a separation 
of estrone azoate and a-estradiol diazoate could be made. In spite of the 
appearance of two zones on the column, on continued elution all of the 
material was eluted as a single zone with very long tailing, as demonstrated 
by an elution curve (Fig. 1). 

No conditions have been found for the separation of the diazoates of 
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Tas.e Il 
Survey of Adsorbents and Solvents for Chromatographic Separation of Estrone Azoate 
and a-Estradiol Diazoate 
| Solvents 
Non-polar Polar 
Alumina Benzene Ethanol Adsorbed; separation indicated 
Ethylene Not adsorbed 
chloride | | 
Florisil Benzene Ethanol Adsorbed; separation indicated 
| | Nitroethane =“ “ “ 
chloride | 
Carbon disul- “a 
fide | 
Silicic acid | Skellysolve C | Ethanol - no separation 
+ Celite Ethylene di- separation indicated 
chloride | 
Carbon di- | Ethanol | no separation 
sulfide 
“ Acetone i “a 
| Nitromethane | separation indicated 
Chloroform Methanol 
Nitromethane no separation 
Magnesium ox- Skellysolve C Ethanol 
ide + Celite | Ethylene di- Not adsorbed 
chloride | 
Calcium oxide | Carbon disul- 
fide | 
Calcium car- Ethylene 
bonate chloride | 


Silene EF + Skellysolve C Ethanol 


Celite 


Adsorbed; separation indicated 


© The adsorbents were obtained from the following sources: alumina, activated 


alumina, Alorco F-20 (80 to 100 mesh), Aluminum Ore Company, East St. Louis, 
Iinois; Florisil, 100 to 200 mesh, Floridin Company, Inc., Warren, Pennsylvania; 
silicic acid, Mallinckrodt, precipitated; Celite, No. 535, Johns-Manville; mag 
nesium oxide, Mallinckrodt, analytical reagent; calcium oxide, analytical reagent, 
ignited, General Chemical Company, New York; calcium carbonate, analytical 
reagent, General Chemical Company, New York; Silene EF, courtesy of Pittsburgh 
Plate Glass Company, Columbia Chemical Division, Barberton, Ohio. 
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a-estradiol and 3-estradiol, nor have the azoates of estrone, equilin, and 
equilenin been separated. It appears that only a separation of the mono- 
azoates from the diazoates can be accomplished. The diazoates form the 
lower zone on the column and are eluted first. A few trials with estriol 
triazoate indicate that its adsorption properties are similar to those of the 
monoazoates. a-kstradiol diazoate can be separated from estriol triazoate 


06 EtOH IN EtOw 


$sc 
ESTRONE 
AZOATE 
> 
5 f @ -ESTRADIOL 
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| 


VOLUME OF SOLVENT (ML.) 


Fic. 1. Elution curve for a mixture of a-estradiol diazoate and estrone azoate 
adsorbed on Florisil and eluted with Skellysolve C and ethanol. Amount of Florisil, 
50gm. The eluate was collected in 5 and 10 ml. lots, and the optical density of each 
was measured on the Beckman spectrophotometer. The a-estradiol diazoate was 
eluted with 200 ml. of 0.25 per cent ethanol in Skellysolve C and the estrone azoate 
with 80 ml. of 1.0 per cent ethanol in Skellysolve C. 


on the Florisil or silicic acid columns, but estrone azoate and estriol tri- 
azoate form continuous chromatograms. 

Quantitative Separation of Azoyl Esters of Estrogens into Monoazoates 
and Diazoates—The separation of estrone azoate and a-estradiol diazoate 
may be used as an example. The column was prepared by sealing a glass 
tube about 20 cm. long and of 10 mm. outside diameter to the outer part 
of a standard taper 24/40 joint. The lower end was drawn down to about 
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3 mm. inside diameter and a wad of cotton used to hold the adsorbent. 
The standard taper joint provided a chamber for holding about 25 ml. of 
solvent and could be connected to an outlet for applving pressure. About 
5.5 gm. of Florisil (109 to 200 mesh) was slurried into the column with 23 
ml. of 5 per cent ethanol in Skellysolve C. The use of ethanol at this 
stage prevented the adsorbent from sticking to the sides in the upper part 
of the column. Air pressure of about 500 mm. of mercury was applied 
and the column gently tapped with a wooden stick while the adsorbent 
settled. The column was then washed with 25 ml. of Skellysolve C to 
remove the aleohol. A solution of 5.7 mg. of a-estradiol diazoate and 2.5 
mg. of estrone azoate, dissolved in 10 ml. of an equal mixture of benzene 
and Skellysolve C, was passed through the column without pressure. The 
esters were washed in with 10 ml. of Skellysolve C. All of the color was 
adsorbed in a zone about 1.8 em. wide at the top of the adsorbent.  De- 
velopment with 0.5 per cent ethanol in Skellysolve C caused separation 
into two zones and the elution of the lower zone. The first 40 ml. of fil- 
trate were discarded and the second 40 ml. containing the lower zone were 
collected as Fraction 1. Elution of the second zone was accomplished 
with 40 ml. of 2.0 per cent ethanol in Skellysolve C and was collected as 
Fraction 2. After evaporation of the solvent, the residue from Fraction | 
weighed 5.7 mg. and melted without recrystallization at IS6-188°. The 
residue from Fraction 2 weighed 2.5 mg. and melted without recrystalliza- 
tion at 212-214°. Quantitative recovery of the esters approximating 
chemical purity was, therefore, obtained. 

Determination of Estrone and a-Estradiol in Mixtures in Pure Solution 
by Means of Their Colored Azoyl Esters —Based on the foregoing, an ex- 
periment was carried out in which the components of various mixtures 
of estrone and a-estradiol were determined. Separate solutions of estrone 
and a-estradiol were prepared in absolute alcohol containing 1.0 mg. vi 
the estrogen per ml. In six reaction tubes were added the appropriate 
amounts of the alcohol solutions to give the amounts of estrogens listed in 
Table III. The alcohol solvent was evaporated to dryness on the steam 
bath under a current of air. To each tube was added 1.0 ml. of purified 
pyridine and the solution again evaporated to dryness. ‘The tubes and 
stoppers were then dried over phosphorus pentoxide under a vacuum for 
1 hour. To each tube were added 100 mg. of azoyl chloride and 2.0 mi. 
of anhydrous purified pyridine, the stoppers secured in place, and_ the 
tubes heated in the steam bath 2 hours. Immediately upon removal 
from the steam bath, the contents of each tube were diluted with 5.0 ml. 
of pyridine and 10 ml. of 5 per cent pyridine in benzene. For removal of 
the excess azoyl chloride, a chromatographic adsorption tube 20 mm. X 
200 mm. was used. 10 gm. of activated alumina were poured into the 
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tube under suction, the suction released, and the adsorbent wet with 10 
ml. of 5 per cent pyridine in benzene. The sample solution was poured 
through and the reaction tube washed out with 30 ml. of 5 per cent pyri- 
dine in benzene and added to the column in small portions. The ester 
solution was then distilled to dryness under a vacuum, air being drawn 
over the residue through the inlet tube at the end to remove the last 
traces of pyridine. 

The ester residue was dissolved in 5 ml. of benzene and 5 ml. of Skelly- 
solve C. This solution was then passed through the Florisil column de- 
scribed above, except that only 5.0 gm. of Florisil were used. After the 
solution was washed in with 10 ml. of Skellysolve C, the column was de- 


III 


Data on Determination of Estrone and a-Estradiol in Mizture in Pure Solution by 
Means of Their Colored Azoyl Esters 


Optical density 


Total optical diazoate 
+ monoazoate 


| Binaiete fraction Monoazoate fraction | | 


Sample Estradiol  Estrone 
No. added | added 


Found® Expectedt Found* _Expectedt Found* Expected! Difference 


| mg. | me. | | 
1 | 0.00 | 0.75 | 0.006 0.000 | 0.421 | 0.423 | 0.427 | 0.423 | +0.004 
2 0.15 | 0.75 0.162 0.161 0.432 | 0.423 | 0.594 | 0.584 +0.010 
3 | 0.30 | 0.50 | 0.322. 0.322 0.279 0.282 | 0.601 0.604 —0.003 
4 | 0.45 | 0.25 0.480 0.483 0.141 0.141 | 0.621 | 0.624 —0.003 
5 | 0.45 | 0.00 0.435 0.483 | 0.051 0.000 | 0.486 +0.003 


° These values are corrected for a blank in which no estrogens were added and 
which gave optical densities of 0.016 for the diazoate fraction and 0.011 for the 
monoazoate fraction. 

t The optical density expected was calculated on the basis that the slope for a- 
estradiol is 0.161 per 0.15 mg. (or 1.073 per mg.) and the slope for estrone is 0.141 
per 0.25 mg. (or 0.564 per mg.). 


veloped with 125 ml. of 0.125 per cent ethanol in Skellysolve C. This 
caused the elution of a reagent impurity zone and caused the estrone 
azoate and a-estradiol diazoate to separate into distinct zones. A small 
amount of pressure was applied so that the flow of solvent from the column 
was between 50 and 60 drops per minute. The receivers were changed 
and the a-estradiol diazoate fraction eluted with 0.25 per cent ethanol in 
Skellysolve C. The amount of this solvent was governed by the progress 
of the estrone azoate zone, the receivers being changed when it appeared 
that the front boundary of the estrone azoate zone had reached the end 
of the column. Between 185 and 235 ml. were required. The estrone 
azoate zone was then eluted with 80 ml. of 2.0 per cent ethanol in Skelly- 
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solve C. The fractions, which had been collected in 250 ml. round bottom 
distilling flasks, were distilled to dryness under a vacuum and the resi- 
dues were dissolved to 5.0 ml. in benzene. The color (optical density) in 
each fraction was measured on the Beckman spectrophotometer at 450 
my. The results are presented in Table III. Previous experiments had 
shown that the optical density to be expected for 0.15 mg. of a-estradiol 
was 0.161 and for 0.25 mg. of estrone, 0.141. Inspection of the results 
in Table III shows that quantitative results were obtained with estrone 
alone or in mixtures (Samples | to 4) but that the results for a-estradiol 
alone (Sample 5) were about 10 per cent low. As shown in the last three 
columns of Table III, the total color obtained was quantitative. 

Hydrolysis of Estrogen Azoates and Recovery of Free Estrogens—Since 
the colors of the azoyl esters are qualitatively the same, the composition 
of the various zones on the columns was determined by hydrolyzing the 
esters and identifying the free estrogens. 

The hydrolysis procedure developed was as follows: 2 ml. of the final 
benzene solution obtained above were placed in a small flask and evap- 
orated to dryness on the steam bath under a current of air. The flask 
was dried over phosphorus pentoxide for 1 hour. 2 ml. of a solution of 
2 per cent NaOH in absolute methanol were added, the flask attached to 
a reflux condenser fitted with a drying tube, and the mixture refluxed 
4 hour. The cooled solution was transferred to a separatory funnel with 
25 ml. of water-washed ether and 10 ml. of 5 per cent aqueous NaHCQ,,. 
After shaking and allowing the solution to stand, the aqueous layer was 
transferred to a second funnel containing 25 ml. of water-washed ether, 
shaken, and discarded. The ether solutions were then washed consecu- 
tively with 5 ml. of 5 per cent aqueous NaHCO,, and 10, 5, and 5 ml. 
portions of distilled water. The ether solutions were then distilled to 
dryness, the ether in the second funnel being used to wash out the first 
funnel. The colorless residue was dissolved to 5 ml. in absolute alcohol. 
An aliquot of this solution was used for quantitative determination and 
identification of the free estrogen by means of the sulfuric acid reaction. 
The details of this method are described in the following paper. Quanti- 
tative recoveries of the free estrogens were obtained by the hydrolysis pro- 
cedure described. 


DISCUSSION 


Conditions have been found only for the separation of the azoyl esters 
of the natural estrogens into monoazoates and diazoates. The separa- 
tion is similar, therefore, to the separation of the estrogens into ketonic 
and non-ketonic fractions by the well known Girard’s Reagent T. The 
chromatographic adsorption technique, however, may result in a more 
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purified product which will give less interference in the application of color 
reactions, such as the sulfuric acid reaction or the Kober test. It has been 
found, for example, that cholesterol azoate is only weakly adsorbed on 
Florisil from a mixture of benzene and Skellysolve C and is completely 
removed from the column by continued washing with the same solvent, 
whereas the estrogen azoates are strongly retained. 

In the quantitative separation of the monoazoates and the diazoates by 
the chromatographic adsorption method, it is important that the elution 
of the diazoates he continued until it appears that the monoazoate frac- 
tion is ready to begin elution, because of the very long tailing exhibited 
by the diazoate fraction. The appearance of two zones on the column 
does not necessarily indicate that both diazoates and monoazoates are 
present. In the absence of the monoazoates, however, the upper zone 
gradually disappears. This anomalous effect, in which pure compounds 
appear to give a heterogeneous chromatogram, has been termed “double 
zoning” by Schroeder (15). 

In the development of the esterification procedure, several factors had 
to be taken into consideration. A procedure was desired which would 
allow the quantitative recovery of the esters yielded by 1 mg. or less of free 
estrogens. Since it was planned to measure the amount of ester colorimet- 
rically, the blank color should be as small as possible. It was found that 
ordinary anhydrous pyridine contained substances which reacted with 
azoyl chloride to give considerable color. These interfering substances 
are practically eliminated by treating the pyridine with ceric sulfate. The 
remaining color due to these interferers appears on the Florisil chromato- 
graphic column as a reagent impurity zone preceding the diazoate zone, 
as blanks in the diazoate and monoazoate fractions (Table III), and as a 
zone retained at the top of the column after elution of the esters. 

When alcoholic solutions of the estrogens were used, the alcohol was 
evaporated on the steam bath under a current of air. To remove the 
alcohol from the residue completely, pyridine was added and the pyridine 
evaporated. 

In order to prevent the excess azoyl chloride from precipitating on re- 
moval of the reaction flask from the steam bath, 5.0 ml. of anhydrous 
pyridine were added to the reaction mixture. After further dilution with 
d per cent pyridine in benzene, the excess azoyl chloride was removed 
quantitatively from the ester solution by passing the solution through a 
column of alumina. 


SUMMARY 


A method is described for the quantitative esterification of the natural 
estrogens with p-phenylazobenzoy! chloride in small amounts. The estro- 
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gens and p-phenylazobenzoy! chloride are dissolved in a small amount of 
anhydrous pyridine purified by oxidation with ceric sulfate, and heated 
on the steam bath for 2 hours. The excess azoyl chloride is removed 
by chromatographing on activated alumina. 

The p-phenylazobenzoy! esters of estrone, equilin, equilenin, a-estradiol, 
8-estradiol, and estriol have been prepared and characterized by their 
melting points. 

The estrogen azoates may be separated quantitatively into monoazoates 
and diazoates by chromatographing on Florisil from an equal mixture of 
benzene and Skellysolve C. They are developed and eluted with small 
amounts of ethanol dissolved in Skellysolve C. 

The method of esterification and chromatographic separation has been 
used for the quantitative determination of estrone and a-estradiol in mix- 
tures in pure solution in less than mg. amounts. 

A method for the hydrolysis of the estrogen azoates and quantitative 
recovery of the free estrogens has been described. 
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THE USE OF THE SULFURIC ACID REACTION FOR THE 
ESTIMATION OF a- AND 8-ESTRADIOLS AND OF 
ESTRONE AND EQUILIN IN BINARY MIX- 
TURES IN PURE SOLUTIONS* 


By ERNEST J. UMBERGER ano JACK M. CURTIS 


(From the Division of Pharmacology, Food and Drug Administration, Federal Security 
Agency, Washington) 


(Received for publication, October 20, 1948) 


The problem of estimating quantitatively the components of a mixture 
of naturally occurring estrogens has been attacked through the prepara- 
tion of their p-phenylazobenzoy! (azoyl) esters and separating these esters 
by the chromatographic adsorption technique (1). By this method, the 
monoazoates were quantitatively separated from the diazoates. Iydroly- 
sis of these esters and suitable extraction procedures resulted in the quan- 
titative recovery of the free estrogens. The present report describes a 
study of a single phase sulfuric acid reaction for the further analysis of 
the mixtures of free estrogens so obtained and for the positive identifica- 
tion of a single free estrogen. 

It was early observed that, when the natural estrogens are treated with 
sulfuric acid, orange-colored solutions possessing a green fluorescence are 
obtained (2-4). Kober (4) showed that the initial orange color obtained 
with estrone was changed to a clear green-fluorescing red on warming with 
water, and, in addition, that the intensity of the red color could be en- 
hanced and the intensity of the yellow color and the fluorescence dimin- 
ished by using a mixture of phenol and sulfuric acid in the initial stage of 
the reaction instead of sulfuric acid alone. Since the orange or yellow 
solutions resulting from the action of sulfuric acid on cholesterol, bile acids, 
pregnanediol, and many other steroids are decolorized by dilution with 
water, the test was claimed to be specific for the natural estrogens. Cohen 
and Marrian (5), however, found that the presence of either cholesterol or 
pregnanediol considerably decreased the intensity of the red color yielded 
by given quantities of estrone or estriol in the Kober reaction. They 
resorted, therefore, to an alkali extraction procedure which separated the 


* Some of the material in this report was presented at the Thirty-second annual 
meeting of the Federation of American Societies for Experimental Biology, Atlantic 
City, 1948. An abstract has been published (Federation Proc., 7, 261 (1948)). 

This report is from a dissertation submitted by Ernest J. Umberger to the Gradu- 
ate School of Georgetown University in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy, June, 1948. 
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phenolic estrogens from these interferers, and which, in effect, supplied the 
specificity claimed by the Kober reaction. 

Various modifications of the Kober reaction designed to eliminate the 
yellow color and the fluorescence and to increase the specificity and sensi- 
tivity of the reaction have been published (5-11). Carol and Molitor (12) 
have described a modification of the Kober reaction which permits the de- 
termination of the components of a binary mixture of a- and 8-estradiols. 

Mather (13) pointed out that the spectral absorption curves of the colors 
formed with the estrogens by phenol reagents are basically the same as 
those with sulfuric acid alone, and Cohen and Bates (14) have published 
the details of a method utilizing the two-stage Kober test without the use 
of phenol. Bates and Cohen (15) and Jailer (16) have described methods 
utilizing the fluorescence that develops with sulfuric acid for the quanti- 
tative determination of the estrogens, and Dr. Willard M. Allen, in un- 
published work made known to the authors, has made use of the yellow 
component of the color produced by sulfuric acid and alcohol for the 
quantitative determination of the estrogens in human pregnancy urine. 


EXPERIMENTAL 
Behavior of Natural Estrogens with Various Concentrations of Sulfuric Acid 


Solutions containing 30, 45, 60, 75, 90, and 100 per cent concentrated 
sulfuric acid were prepared by diluting a measured amount of concentrated 
sulfuric acid (Baker’s Analyzed, c.p., assay 95.5 to 97.5 per cent) to volume 
in a volumetric flask with small amounts of distilled water, and cooling 
after each addition. For example, 90 per cent sulfuric acid was prepared 
by placing 90 ml. of concentrated sulfuric acid in a 100 ml. volumetric 
flask and diluting to the mark with distilled water. The reaction tubes 
were prepared by sealing off the end of the outer part of a 24/40 standard 
taper joint and closing with a 24/40 standard taper penny head stopper. 
To the tube was added an alcoholic solution of 25 y of the estrogen and the 
alcohol was evaporated on the steam bath under a stream of air. The 
tube and stopper were dried over phosphorus pentoxide under a vacuum 
forl hour. The tube was then placed in an ice bath, 5.0 ml. of the diluted 
sulfuric acid were added, and the tube was stoppered, allowed to remain 
in the ice bath 5 minutes, and heated in a vigorously boiling water bath. 
During the heating period, the tube, without removal from the bath, was 
agitated at 15 second intervals during the Ist minute and at 1 minute 
intervals thereafter. On removal from the boiling water bath the tube 
was again placed in the ice bath for | minute. The absorption spectrum 
of the color produced was measured in the range from 400 to 560 my on 
the Beckman spectrophotometer. 


oling 
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Absorption curves were determined for a-estradiol (Fig. 1), 8-estradiol 
(Fig. 2), estrone (Fig. 3), and equilin (Fig. 4), after a 12 minute heating 
period. This heating period was chosen since a-estradiol and 8-estradiol 
give equal intensities of absorption at 515 my after 12 minutes heating. 
It will be observed that with 60 per cent sulfuric acid the curves for all 
foukt estrogens are similar. The solutions are orange in color and fluoresce 
strongly. Two peaks of maximum absorption are shown, one in the 
neighborhood of 460 my and one in the neighborhood of 515 my. As the 


WAVELENGTH - my 


Fic. 1. Effect of concentration of sulfuric acid on spectral absorption given by 25 
7 of a-estradiol when heated with 5.0 ml. of various concentrations of sulfuric acid 
for 12 minutes. The Beckman spectrophotometer, which was used for the determina- 
tion of the spectral absorption curves, employs a 1 em. cell containing about 4 ml. 
of solution. Readings may be made as per cent transmission (7') or as optical den- 
sity (D). They may be readily converted by the relation, D = 2 — loge T. 


sulfuric acid concentration is increased, the solutions become yellow, with 
an increase in absorption at the lower wave-length relative to the absorp- 
tion at the higher wave-length. The converse is true on decreasing the 
sulfuric acid concentration, and the solutions become red. Also as the 
concentration of sulfuric acid is increased, the absorption maxima are 
shifted towards the lower wave-lengths in the cases of a-estradiol, 8-estra- 
diol, and estrone. With equilin, however, these maxima become less 
distinct, there being general absorption throughout the region of the spec- 
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trum observed. With very high concentrations of sulfuric acid, a-estrg. 
diol exhibits a new maximum at 425 to 430 mg. This new maximum 


appears to be specilic for a-estradiol, although it is faintly evident in the 


cases of 3-estradiol and equilin with 100 per cent sulfuric acid. 

The changes in absorption intensity at 460 and 515 my with concentra. 
tion of sulfuric acid for the estradiols are shown in Fig. 5. There is clearly 
an optimal concentration of sulfuric acid for both wave-lengths which, 
however, differs for the two isomers. 3-Estradivl reacts more strongly at 
the lower concentrations, while a-estradiol reacts more strongly at the 
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Fic. 2. Effect of concentration of sulfuric acid on spectral absorption given by 2 
> of 8-estradiol when heated with 5.0 ml. of various concentrations of sulfuric acid 
for 12 minutes. 


higher concentrations. Equal intensities of absorption were given with 
(0) per cent sulfuric acid at 515 my and with 73.5 per cent sulfuric acid at 
460 mu. 8-Estradiol is the only estrogen so far tested which shows appre- 
ciable reaction with sulfuric acid concentrations of 30 per cent or lower. 
No conditions were found at which the a isomer reacts exclusively. 
Based on the above observations, methods were developed for the quan- 
titative estimation of a-cstradiol and 3-estradiol in a binary mixture, and 
of estrone and equilin in a binary mixture. Methods could probably be 
developed for determining any two of the estrogens in a binary mixture. 


mum 
n the 


nira- 
early 
hich, 
‘ly at 
t the 


by 
acid 


with 
at 
ppre- 


ower. 


yuan- 
, and 
ly be 
ure. 


E. J. UMBERGER AND J. M. CURTIS 279 


Determination of 3-Estradiol 


In an attempt to determine 3-estradiol quantitatively in the presence 
of a-estradiol with 30 per cent sulfuric acid as the reagent, cloudy solutions 
developed owing to the lower solubility of the a isomer. This condition 
was remedied by the addition of n-butyl alcohol to 20 per cent by volume. 
With this 30 per cent sulfuric acid-20 per cent n-butyl alcohol reagent, 
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Fic. 3. Effect of concentration of sulfuric acid on spectral absorption given by 25 
7 of estrone when heated with 5.0 ml. of various concentrations of sulfuric acid for 12 
minutes. 


optimal conditions were obtained when the time of heating was 6 minutes 
and the readings were made at 524 my. The color was stable for at 
least 1 hour. Fig. 6 shows the results of a series of determinations of 
3-estradiol under these conditions. Beer’s law is followed up to 50 y. 
Fig. 6 indicates that on addition of 100 y of a-estradiol to the 8-estradiol 
there is no interference by this compound. Estrone, equilin, a-dihydro- 
equilin, equilenin, and estriol fail to give a color under these conditions 
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in amounts of 50 to 100-7. Other dihydro compounds have not yet been 
tested. 


Determination of Total Estradiols 


Since no conditions were found in which a-estradiol reacted exclusively, 
a method was developed for determining total estradiols. a-Estradiol 
can then be determined indirectly as the difference between the value for 
total estradiols and the value for 3-estradiol. 
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Fic. 4. Effect of concentration of sulfuric acid on spectral absorption given by 3 
y of equilin when heated with 5.0 ml. of various concentrations of sulfuric acid for 12 
minutes. 


While the a- and §-estradiols gave equal intensities of absorption at 
515 my when heated with 60 per cent sulfuric acid for 12 minutes, there 
was an enhancement of the absorption when the two were mixed, resulting 
in an overestimation of total estradiols of from 5 to 20 per cent. 

On the other hand, total estradiols were satisfactorily determined by 
heating with 5.0 ml. of 73.5 per cent sulfuric acid for 12 minutes. Under 
these conditions, the maximum sensitivity was obtained by reading at 455 
my. There appeared to be no tendency towards either enhancement or 
inhibition of absorption in mixtures. Spectral absorption curves for the 
two isomers were practically identical in the region from 400 to 470 ms 
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but a-estradiol gave greater absorption in the region from 470 to 560 mu, 
as would be predicted by the curves in Fig. 5. 


Simultaneous Determination of Estrone and Equilin in Binary Mixture 


Since there was considerable difference in the spectral absorption curves 
given by estrone and equilin when heated with 90 per cent sulfuric acid, 
they could be determined simultaneously in mixtures by reading at two 


06 


~ 


515 
\ 


i 


.@] 45 60 75 90 100 
PER CENT SULFURIC ACID 
Fic. 5. Variation of the absorption at 460 and 515 my» with concentration of sul- 
furic acid for a-estradiol and 8-estradiol (25 7 of each heated with 5.0 ml. of diluted 
sulfuric acid for 12 minutes). 


3 


wave-lengths and solving simultaneous equations to obtain the concen- 
tration of each component. General formulas for such a calculation are 
given by Knudson, Meloche, and Juday for the simultaneous determina- 
tion of iron and aluminum in water by the hematoxylin method (17). 
This method can be used only when there is no appreciable interference 
between the development of colors by the two components. To test 
this, estrone and equilin were heated separately and in an equal mixture 
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with 5.0 ml. of 90 per cent sulfuric acid for 5 minutes and the spectral 
absorption curves determined. A 5 minute heating period was used 
instead of a 12 minute period to reduce the amount of color due to charring 
which might be expected in an impure solution. The curves so obtained 
are shown in Fig. 7. Curve A is the absorption curve of 20 y of equilin 
alone and Curve B that of 20 y of estrone. Curve C was obtained with g 
mixture of 20 y each of equilin and estrone. Curve D is the arithmetical! 
sum of Curves A and B and should have coincided with Curve C had there 
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Fic. 6. Applicability of Beer's law to the determination of 3-estradiol with the ¥ 
per cent sulfuric acid-20 per cent n-butyl alcohol reagent. The circled points ind- 
cate 100 y of added a-estradiol. 


been no interference. There appears to be an inhibition of color through- 

out the entire spectrum studied. However, the color interference is negli- 

gible, as demonstrated by the results on the determination of a series of 
mixtures shown in Table I. 


Identification of Natural Estrogens by Means of Sulfuric Acid Reaction 
The spectral absorption curves obtained when the natural estrogens are 
heated with 90 per cent sulfuric acid for 12 minutes are sufficiently charac- 
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Fic. 7. Absorption spectra of colors produced by heating estrone and equilin 
separately and in mixtures with 5.0 ml. of 90 per cent sulfuric acid for 5 minutes. 
Curve A, 20 y of equilin; Curve B, 20 y of estrone; Curve C, 20 y each of estrone and 
equilin; Curve D, arithmetical sum of values for Curves A and B. 


Taste I 


Results Obtained in Determination of Estrone and Equilin in Mixtures in Pure 
Solution by Heating with 90 Per Cent Sulfuric Acid for 5 Minutes 
Density readings at 450 and 480 mu. 
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Fic. 8. Spectral absorption curves for six natural estrogens obtained by heating 
25 y of each with 5.0 ml. of 90 per cent sulfuric acid for 12 minutes. Curve A, estrone; 
Curve B, equilenin; Curve C, a-estradiol; Curve D, equilin; Curve E, 8-estradid; 
Curve F, estriol. 
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Identification of Natural Estrogens by Heating with 90 Per Cent Sulfuric Acid for i! 
Minutes and Determining Density Values ¢ at 430, 450, 480, and 520 my 
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teristic for each to serve as a means of identification. Curves so obtained 
for 25 y each of estrone, equilin, equilenin, a-estradiol, 3-estradiol, and 
estriol are shown in Fig. 8. 

It is not necessary to measure the entire spectral absorption curve in 
order to obtain an identification. Density readings can be made at 430, 
450, 480, and 520 my, and from a relationship between these values identi- 
fication numbers can be calculated. For our purposes, we have calculated 
an identification number X and an identification number Y. The formulas 
for their calculation are as follows: 


x 


y (pe) 
pe x 
Identification numbers calculated in this manner for the estrogens so 
far studied are shown in Table II. 


DISCUSSION 


The methods described here involve a single stage reaction with sulfuric 
acid. The Kober test, on the other hand, is a two-stage reaction in which 
the estrogen is first heated with a relatively high concentration of sulfuric 
acid and then with a low concentration of sulfuric acid. Cohen and Bates 
(14) have shown that essentially the same results can be obtained in the 
Kober test without the use of phenol. Apparently, the phenol serves the 
purpose of a simple diluent in the first stage of the reaction and of quench- 
ing the fluorescence in the second stage. As shown here, 8-estradiol is 
the only estrogen so far studied which gives a red color with low concen- 
trations of sulfuric acid. The preliminary heating period with concen- 
trated sulfuric acid used in the Kober test, therefore, must activate the 
other estrogens in such a way as to cause them to give a red color when 
heated with the diluted sulfuric acid. This was clearly demonstrated by 
Cohen and Bates (14) in the case of estrone, when, after a preliminary 
treatment with concentrated sulfuric acid, a yellow color was obtained if 
the dilution in the second stage was made with 1:1 sulfuric acid or higher 
concentrations, and a red color if the dilutions were made with water or 
dilute concentrations of sulfuric acid. Since 3-estradiol is the only com- 
pound so far studied which gives a red color with 30 per cent sulfuric acid, 
it is apparent that it is more reactive and does not need to be activated 
before it will react. This would explain the results of Carol and Molitor 
(12) in which 3-estradiol reacted with the Kober reagent without a pre- 
liminary heating period. It is significant that 3-estradiol gives an almost 
immediate yellow color with 60 per cent sulfuric acid, even at room tem- 
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perature, while a-estradiol gives little or no color under these conditions 
With 73.5 per cent sulfuric acid, however, these observations are reversed. 

Just as with the Kober reaction, rigid adherence to manipulative details 
and concentrations of reagents must be maintained. As illustrated ip 
Fig. 5, the intensity of the absorption varies greatly with the concentration 
of sulfuric acid. This is particularly of importance in the determination 
of total estradiols with the 73.5 per cent sulfuric acid. However, in the 
determination of 8-estradiol and the simultaneous determination of estrone 
and equilin, many of these variables are eliminated by including standards 
along with the determinations. Since 8-estradiol is sensitive to even traces 
of sulfuric acid, the reaction tubes must be carefully cleaned before each 
determination. After the tubes are washed exhaustively with tap water. 
once with a saturated solution of sodium carbonate, and again exhaustively 
with tap water, they are rinsed out with distilled water, and finally with 
absolute alcohol. 

In addition to being simpler to carry out, the sulfuric acid reaction pos- 
sesses an advantage over the Kober reaction in that it provides a means of 
identifying the estrogen in minute amounts. The colors produced in the 
Kober reaction are in general qualitatively the same. Also, the ultr- 
violet absorption curves for the estradiols, estrone, and equilin are iden- 
tical. They can, however, be distinguished by their infra-red absorption 
(18). 


SUMMARY 


The behavior of several natural estrogens with various concentration: 
of sulfuric acid has been studied in detail. The colors produced vary with 
the estrogen, the time of heating, and the concentration of sulfuric acid. 
The relationship of the sulfuric acid reaction to the Kober reaction has 
been discussed. 

Spectral absorption curves of the colors produced by sulfuric acid with 
the natural estrogens are sufficiently characteristic to serve as a means of 
identification of the individual estrogens in minute amounts. 

Methods for the quantitative estimation of a-estradiol and 3-estradiv! 
and of estrone and equilin in binary mixtures in pure solution have been 
described. 
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THE EFFECT OF pil ON THE METABOLISM OF RABBIT BONE 
MARROW 


By ROBERT M. BIRD* ann JOHN D. EVANSt 
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(From the Department of Physiology, Cornell University Medical College, 
New York City) 


(Received for publication, September 25, 1948) 


In 1924 Warburg and coworkers (1) reported that variation in both the 
pH and the bicarbonate concentration of the medium affected the anaerobic 
glycolysis of Flexner-Jobling rat carcinoma tn vitro. When the bicarbonate 
level was held constant, an increase in CO, tension was accompanied by a 
fall in the rate of anaerobic glycolysis. At a constant pH, increasing the 
bicarbonate concentration from 3.1 to 15.5 millimoles per liter was associ- 
ated with a progressive increase in the rate of anaerobic glycolysis; further 
increase in bicarbonate concentration produced no significant effect. Craig 
and Beecher (2) demonstrated that lowering the pH from 7.48 to 7.18 in a 
bicarbonate-containing medium depressed aerobic glycolysis of rat retina 
without significant alteration in oxygen consumption. At a constant pH, 
aerobic glycolysis was increased with increasing CO, tensions from 1 to 5 
volumes per cent. Similar effects have been reported for the aerobic gly- 
colysis of cat cortex and medulla (3). Warren (4) reported that the pres- 
ence of bicarbonate resulted in a 20 to 40 per cent increase in the oxygen 
consumption of rabbit bone marrow. 

The work of Summerson, Gilder, and Lee! on the effects of pH and bicar- 
bonate on the in vitro metabolism of mouse lymphosarcoma prompted 
parallel studies on normal rabbit bone marrow, which according to Warren 
(5) exhibits metabolic characteristics approaching those of tumor tissues. 
An attempt was made to answer the following questions. What are the 
metabolic characteristics of normal bone marrow at various ranges of pH? 
Is the metabolism at a given pH influenced by changes in bicarbonate con- 
centration? Can the respiratory metabolism be accounted for in terms of 
glucose utilization? What fraction of the total aerobie acid production is 
represented by lactic acid? Can differences be found between the metab- 
olism of bone marrow cells and the cells of lymphosarcoma? 


* This work was done in part under an American Cancer Society fellowship and 
grant recommended by the Committee on Growth of the National Research Council. 
t Research Fellow of the United States Public Health Service. This work was 
done in part while associated with the School of Commerce, Accounts and Finance, 
New York University, New York City. 
'Summerson, W. H., Gilder, H., and Lee, J. M., in preparation. 
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EXPERIMENTAL 
Methods 


The marrow was obtained from the femora and tibiae of male New 
Zealand white rabbits. All animals had been fed ad libitum. They were 
killed by a blow on the head, bled, and the pencils of marrow from the 
cracked bones delivered into Ringer’s solution at room temperature. The 
marrow, free of the larger blood vessels, was pressed with the aid of a small 
pestle through an ordinary kitchen sieve into a few ml. of Ringer’s solution 
ina Petridish. The resulting tissue suspension was made up to a volume 
of approximately 16 ml. with Ringer’s solution and agitated gently and con- 
tinuously by a magnetic stirrer to insure uniformity during the subsequent 
sampling. For the manometric studies, exactly 0.5 ml. of this tissue sus- 
pension was pipetted into each manometric vessel. “Two 0.5 ml. samples of 
each suspension were taken for the determination of total cell nitrogen. 

Examination of stained smears of the marrow, made before and after the 
preparation of the suspension as described above, gave no evidence of 
excessive cellular destruction. The percentage of myeloid and of erythroid 
cells per 500 nucleated cells was determined for each animal. ‘The marrows 
varied from 45 to 65 per cent erythroid in composition. There was no obvi- 
ous correlation between metabolic patterns and cellular variation within 
this range. No attempts were made to obtain marrows showing wide 
variation in cellular composition. 

The Summerson constant volume differential manometer (6) was used 
for the manometric measurements. This manometer permits the simul- 
taneous measurement on a single sample of tissue of oxygen consumption, 
respiratory CO, production, and the production of CO, due to the total 
aerobic acid formation. One may also determine precisely the bicarbonate 
concentration of the medium and the CO, tension of the gas phase at both 
the beginning and the end of an experiment.' From these data, by using 
the Henderson-Hasselbalch equation, pH may be determined at the begin 
ning and end of an experiment, and by interpolation for any time during 
the experimental period. These calculated values agree within 0.03 unit 
of pH with those measured in a Beckman pH meter? We have chosen to 
report as most representative the pH at the mid-time of the experimental 
run; ie., the pH of the medium 60 minutes after the beginning of the 
experiment. 

The total volume of the manometer vessels was approximately 18 ml. 
Each vessel contained exactly 1.0 ml. of Ringer-bicarbonate-glucose solu- 
tion added to the 0.5 ml. of marrow suspension, with 0.2 ml. of 2.5 x HC 
in the side bulb. The composition of the Ringer’s solution was sodium 


? Personal communication from Dr. W. H. Summerson. 
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chloride 8.65 gm. per liter, potassium chloride 0.23 gm. per liter, calcium 
chloride 0.24 gm. per liter. The concentration of glucose was approxi- 
mately 500 mg. percent. According to the experimental pH desired, vary- 
ing amounts of 0.15 mM sodium bicarbonate were used in the preparation of 
the Ringer-bicarbonate-glucose solution. To bring this solution to the 
approximate pH desired, it was equilibrated for 20 minutes with the appro- 
priate O.-CO, gas mixture before being placed in the vessels. The gas mix- 
tures varied from SO per cent O.-20 per cent CO, to 97.5 per cent O»,-2.5 per 
cent CO». 

The experimental temperature was 37.5°, and the shaking rate approxi- 
mately 120 strokes per minute. Prior to an experiment the appropriate 
gas mixture necessary to establish approximately the desired pH was passed 
through the vessels for a 20 minute equilibration period with the vessels in 
the thermostat at 37.5°. The exact pH] was determined experimentally, 
as described above. An equal rate of gas flow was maintained through all 
the vessels during the preliminary gassing period. 5 minutes were then 
allowed for equilibration at atmospheric pressure and a final 5 minutes for 
temperature equilibration. At zero time, acid was tipped into the control 
vessels. All aerobic experiments were 120 minutes in duration. Upon the 
completion of the experiment, acid was tipped into the experimental vessels. 

The method of determining anaerobic glycolysis was essentially that out- 
lined by Umbreit (7). The gas mixture was composed of 95 per cent N2- 
jper cent CO,. Variations in pH were obtained by varying the molarity 
of the bicarbonate in the medium. Anaerobiosis was established by passing 
this gas mixture through the vessels for a 30 minute equilibration period. 
Anaerobic experiments were of 60 minutes duration. 

To the total contents of each vessel was added 0.5 ml. of 10 per cent 
sodium tungstate for the precipitation of protein, at a final volume of 25 ml. 
This was filtered and the filtrate analyzed for glucose and lactic acid. Glu- 
cose was determined by the method of Benedict (8) in the Klett-Summerson 
photoelectric colorimeter. Lactic acid was determined according to the 
method of Barker and Summerson (9). The analytical accuracy was con- 
trolled for each series of experiments by the ability to recover in a separate 
sample known additions of glucose and lactic acid. Recovery errors aver- 
aged less than 3 per cent. With the manometric procedure used here, 
glucose utilization or lactic acid formation is established by the difference 
between analytical results in control and experimental vessels. 

In this paper oxygen consumption is symbolized by the conventional 
Qo, and is defined as the number of c.mm. of O, consumed per mg. of cell 
protein per hour. Qeo,, and are expressed in corresponding units, 
where Qco, represents respiratory and Q8? or represents aerobic 
or anaerobic acid production, in terms of CO, liberated from bicarbonate. 
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Qeiwe. and QQ, (glucose and lactic acid, respectively) are expressed in micro. 
grams per mg. of cell protein per hour. Total cell nitrogen was determined 
by the Kjeldahl method and was converted into total cell protein by the 
customary factor of 6.25. If desired, the Q values as given here may be 
converted into terms of ‘fat-free dry weight’”’ (10) by multiplying by the 
factor 0.91. 
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64 66 68 7.0 7.2 7.4 7.6 
PH AT 60 MIN. 


Fic. 1. The effect of pH on the oxygen consumption of normal rabbit bone marrow 
cells. The average Qo, at each pH range is represented by the position of the circle, 
the number within the circle representing the number of experiments performed. 
The spread of the vertical lines represents the spread of the individual determinations 
within each range of pH. 


Results 


87 aerobic experiments covering a pH range from 6.3 to 7.7 have been | 


performed. To simplify the presentation of the data this range was sub- 


divided into parts, each having a span of one-tenth of a pH unit, and on this | 


basis the experimental results have been grouped. In the figures, the 


averages of the Q values of each group are represented by circles. The | 


numbers within the circles indicate the number of experiments performed. 
The range of variation from the arithmetical average of each group is repre- 
sented by the span of the vertical lines. 

The relation of oxygen consumption to the calculated pH of the medium 


at the mid-time of the experimental period is presented in Fig. 1. Oxyge® 
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consumption was greatest in the pH range 6.9 to 7.3. For this range the 
average Oxygen consumption was 3.6 ¢.mm. per mg. of cell protein per hour. 
The spread of Qo, values from the average was large in each range of pH 
studied and the differences between the averages were small over the entire 


pH range. 
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64 66 68 7.0 7.2 7.4 7.6 
PH AT 60 MIN. 


Fig. 2. The effect of pH on the aerobic acid production of normal rabbit mar- 
row. 


From pH 6.3 to 7.3 the total aerobic acid production increased with in- 
creasing pH in a substantially linear fashion. This relation of QG? to pH 
is shown in Fig. 2. Aerobic glycolysis was greatest at pH 7.2, the average 
Qc? being 4.3; it was smallest at pH 6.3, the average Qo being 1.8. Above 
pH 7.3 the glycolytic rate diminished with increasing pH to an average of 
2.9 at pH 7.6. 

The lactic acid production of aerobic glycolysis is related to pH in Fig. 3. 
The averages for the Q,, of each pH group fall into a pattern which approxi- 
mates that shown in Fig. 2. At pH 6.3 Q., averaged 7.6; at pH 7.1 it 
averaged 15.9. In pH ranges above 7.1, lactic acid production was di- 
minished with increasing pH and Q,, averaged 8.9 at pH 7.6. The ratio 
between total acid and lactic acid production for each pH grouping is shown 
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Fic. 3. The effect of pH on the production of lactic acid by rabbit marrow 
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Fic. 4. The effect of pH on the ratio of total acid production to lactic acid forms 
tion in rabbit 
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in Fig. 4. In Fig. 4, QG* has been multiplied by 4 to convert it into tem — 4, 
equivalent to Q,,. When total acid formation exceeds lactic acid produc- 
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Ow Fic. 5. The effect of pH on the respiratory quotient in normal rabbit bone marrow 
cells. 
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Fic. 6. The effect of pH on the ratio of glucose consumption to lactic acid produc- 
term: tion in rabbit marrow. 
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Fic. 7. The ordinate of this graph represents the ratio of the oxygen equivalent 
of the glucose utilized in excess of lactic acid produced to the total oxygen consump. 
tion. This ratio is related to pH. 
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Fic. 8. The effect of pH on the anaerobic acid production of normal rabbit mar 
row. 


tion, the ratio is greater than 1. Such a ratio exists in nine of the fourtees 
groups. The average lactic acid production of all experiments was 88 pet 
cent of the average for total acid formation. 
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pH exerted no effect on r.qQ. This is shown in Fig. 5. For all experi- 
ments the R.q. averaged 0.95. Such a value directs attention to the glucose 
utilization by the marrow. At pH 7.1, Qotuc averaged 21.5. It was great- 
est at pH 6.9, averaging 22.2. At pH 6.3 and 7.6, Qoiue. was low, averaging 
13.5 and 13.6, respectively. As defined in this paper, Qetuc. and Qu, may 
be compared directly. Their ratio is related to pH in Fig. 6. A value 
greater than | in Fig. 6 exists when glucose utilization exceeds lactic acid 
production. As may be seen in Fig. 6, all values are greater than 1. The 
glucose utilization in excess of lactic acid formation is theoretically available 
for oxidation. The ratio of the oxygen equivalent of this excess glucose to 
the Qo, is related to pH in Fig. 7. Micrograms of glucose have been con- 
verted to equivalent microliters of oxygen by dividing the value in micro- 
grams by 1.33. In Fig. 7, a ratio greater than unity indicates that more 
glucose is utilized than can be accounted for by both lactic acid production 
and oxygen consumption. In ten of the fourteen groups the ratio is greater 
than 1. 

The manometric results of eighteen experiments on the anaerobic gly- 
colysis of normal rabbit marrow cells are presented in Fig. 8. The marrow 
of three animals was used. It is apparent that the Q3’ is affected in a linear 
fashion by changes in pH, averaging 9.3 at pH 7.4 and 1.3 at pH 6.2. Lactic 
acid production was also linearly affected by pH and accounted for the total 
anaerobic acid formation. Glucose utilization paralleled lactate production 
in approximately a 1:1 ratio throughout the pH range studied. 


DISCUSSION 


We feel that it is important to stress precise knowledge of the bicarbonate 
concentration in the medium under experimental conditions. In order to 
draw conclusions regarding bicarbonate or pH effect on glycolysis or other 
aspects of cell metabolism, it is not sufficient merely to know the molarity 
of the bicarbonate in the medium prior to the equilibration period. This is 
illustrated by one typical set of experiments. Prior to the introduction of 
tissue, the Ringer-bicarbonate-glucose solutions contained 5.7, 11.2, and 
22.4 mm of bicarbonate per liter, respectively. At the start of the experi- 
ment, after the preliminary equilibration, the bicarbonate concentrations 
for the same solutions were 3.5, 7.4, and 13.2 ma per liter. The break- 
down of bicarbonate during the equilibration period is large, variable, and 
consequently not accurately predictable. Not only does this influence the 
calculation of pH but also, when one uses small quantities of bicarbonate 
in the medium, a rapidly glycolyzing tissue may decompose all of the bi- 
carbonate either during equilibration or prior to the completion of the 
experimental period. Consequently, the interpretation of investigations 
reporting the effects on cell metabolism of either pCO, or of bicarbonate 
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may be subject to an unpredictable error when these quantities are not 
measured under conditions existing during the experimental period. 

In the experiments here reported the average Q values for normal rabbit 
marrow in a bicarbonate-containing medium at pH approximating 7.4 were 
Qo,, 3-2; Qe", 3.9; Qra, 11.8; and Qen., 13.4. These values for respiratory 
metabolism are very close to those previously reported in which the medium 
was Ringer-phosphate solution (5, 10,11). Under experimental conditions 
different from those of the present study, Warren (4) reported that the 
respiration of rabbit bone marrow was approximately 40 per cent greater 
in Ringer-bicarbonate than in Ringer-phosphate solution. We are aware 
of no experiments comparable to those reported here on the effect of pH 
change on the in vifro respiration and glycolysis of bone marrow. Similar 
studies have been made with rat retina (2), cat cortex (3), and mouse 
lymphosarcoma (12). 


Taste 
Partial Tabulation of Bicarbonate Concentration, pCO,, and Aerobic Glycolysis of 
Marrow in Range of pH 6.70 to 6.79 
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In each range of pH studied, the total aerobic acid production was greater 
than the lactic acid formation. No attempts were made to identify other 
than lactic acid. In ten of the fourteen groups into which the experiments 
were divided on the basis of pH, more glucose was utilized than could be 
accounted for by both lactic acid formation and oxygen consumption. Ii 
the analyses for glucose are dependable, this fact implies glycogenesis on 
the part of the marrow or the formation of intermediate carbohydrate 
metabolites. On the basis of incompleted studies, we doubt that significant 
glycogenesis occurs. No analyses were made for carbohydrate intermed- 
aries. The work of Goldinger, Lipton, and Barron (11) indicates that 
marrow glucose is metabolized by way of the Krebs’ tricarboxylic acid cycle 
and that there is a small synthesis of citric acid. 

In view of the current interest in the utilization of carbonic acid in cellular 
metabolism (13), the question arises as to whether the bicarbonate concen 
tration or the pCO, influenced results per se. Various concentrations o 
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bicarbonate and carbon dioxide yielding the same pH were studied. Within 
any small range of pH, the glycolytic rates showed no recognizable trends 
which could be attributed to increasing molarity of bicarbonate. Table I 
presents a partial tabulation of experiments performed at pH 6.70 to 6.79. 

Comparison of our data for normal rabbit marrow cells with those of 
Summerson, Gilder, and Lee (12) for mouse lymphosarcoma shows certain 
differences. Aerobic glycolysis of lymphosarcoma seems to be more sensi- 
tive to changes in pH than does that of marrow. This difference appears 
to be quantitative. In lymphosarcoma, aerobic glucose utilization can be 
entirely accounted for on the basis of lactic acid formation. Such is not 
the case with marrow. The r.q. of marrow was found to be 0.95, whereas 
that of lymphosarcoma was lower, averaging 0.83. In general lymphosar- 
coma is a more actively metabolizing tissue than marrow. This is not the 
comparison of a normal tissue with its malignant counterpart. Rather it 
is a comparison of two distinct tissues, studied by identical experimental 
techniques, in each of which the pH of the medium markedly affected the 
rate of glycolysis but had slight effect on the respiratory rate. Therefore, 
we feel that any attempt to relate glycolysis and respiration in a quantita- 
tive way as a means of characterizing a tissue metabolically is open to 
question when the effect of pH has not been determined. 


Grateful acknowledgment is made to Dr. W. H. Summerson for his 
interest and help in connection with the material presented here. 


SUMMARY 


1. The in vitro metabolism of rabbit bone marrow cells in Ringer-bicarbon- 
ate-glucose medium has been studied with the Summerson differential 
manometer. 87 experiments were performed under aerobic conditions, 
eighteen anaerobically. Analyses for glucose utilization and lactic acid 
production by the tissue have been compared with the manometric data. 
All metabolic rates have been correlated with the pH of the medium, as 
determined during the experimental period. 

2. Aerobic metabolic rates were maximum at pH 7.2. Both aerobic and 
anaerobic glycolysis were depressed markedly and in linear fashion by de- 
pression of the pH of the medium from 7.2 to 6.3. The effect of change of 
pH on the oxygen consumption and R.q. was small, the r.q. averaging 0.95. 
Total aerobic acid formation was greater than aerobic lactic acid produc- 
tion. Aerobic glucose utilization was at least sufficient to account for both 
lactic acid production and oxygen consumption. 

3. Since pH markedly affects the glycolytic rate but has small effect on 
oxygen consumption, any ratio relating glycolysis to respiration in rabbit 

marrow is variable. Such is also the case with mouse lymphosarcoma 
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and probably other tissues as well. Hence, the significance of such a ratio _ 
in characterizing the metabolism of a tissue is questioned unless the infly. 
ence of pH is taken into account. 

4. The breakdown of bicarbonate in the medium during the preliminary 
equilibration period was large and variable. Consequently, the validity of 
experiments reporting the effects on cell metabolism of either bicarbonate 
or pCO, is also questioned when these quantities have not been measured 
under conditions existing during the experimental period. 
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THE 8-CARBOXYLASES OF PLANTS 


I. SOME PROPERTIES OF OXALACETIC CARBOXYLASE AND ITS 
QUANTITATIVE ASSAY* 


By BIRGIT VENNESLAND, MIRIAM C. GOLLUB, anp JOHN F. SPECK 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, September 27, 1948) 


The ability of the higher plants to utilize carbon dioxide for the synthesis 
of organic compounds has long been recognized, whereas the more limited 
ability of heterotrophic organisms to cause “CO, fixation’? by carbon to 
carbon linkage has been established only within recent years (1). Never- 
theless, there is more detailed information available at present about the 
mechanisms of CO, fixation in bacteria and animal tissues than about the 
mechanisms of CQ, assimilation in plants. This state of affairs is un- 
doubtedly due to the relatively much greater complexity of the latter proc- 
esses, since photosynthesis results eventually in complete synthesis, from 
carbon dioxide, of all the carbon chains of the plant organism. 

On the initiation of a study of CO, fixation in higher plants several years 
ago (2), we thought it worth while to simplify the problem by eliminating 
the process of utilization of light energy, and proceeded on the assumption 
that “dark fixations” of CO, in plant tissues could occur by paths similar to 
those already established in heterotrophs. In particular, the possible 
occurrence of enzymes catalyzing the reversible decarboxylations of oxal- 
acetic acid (OAA) and oxalosuccinie acid (OSA) was investigated. Such 
enzymes had been demonstrated and studied in bacteria by Krampitz and 
Werkman (3) and in animal tissues by Evans and his collaborators (4, 5), 
Utter and Wood (6), and by Ochoa and his collaborators (7-9). 

Asa result of these studies, it has been found that crude protein prepara- 
tions from parsley root can catalyze reactions (a) through (d) (10, 11).! 


(a) Oxalacetate = CO, + pyruvate 

(b) Oxalacetate + TPN..w, = malate + TPNox. 

(¢) Oxalosuccinate — CO, + a-ketoglutarate 

(d) Oxalosuccinate + TPN... isocitrate + 


The present communication will describe some of the properties of this 
enzyme preparation, particularly in relation to OAA carboxylase, 7.¢., the 


* Aided in part by grants from the John and Mary R. Markle Foundation and 
from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 


‘TPN = triphosphopyridine nucleotide; DPN = diphosphopyridine nucleotide; 
ATP = adenosine triphosphate. 
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enzyme catalyzing reaction (a). A number of observations on 8-carboxy- 
lases from other plant sources will be included. The distribution of these 
enzymes will be described in another communication (12). 


Methods and Material 


Standard Warburg manometric techniques were used throughout. Spee. 
trophotometric measurements were made with a Beckman quartz spectro- 
photometer. Dry weight determinations were made by drying at 110° for 
24 hours, and were corrected for the known buffer content of the samples. 

The /-malic acid was a recrystallized commercial preparation. Diphos- 
phothiamine was generously supplied by Merck and Company. Diphos- 
phopyridine nucleotide was a commercial sample of 40 per cent purity 
purchased from the Schwarz Laboratories. The preparation of other sub- 
strates and cofactors and the procedures employed in the exchange exper- 
ments with C™O, have been described elsewhere (5). 

Preparation of Oxalacetic Carborylase from Parsley Root—Parsley roots 
were peeled, ground to a pulp in a meat grinder, and the juice pressed out 
with a fruit press. The peeling could be omitted without damage to the 
enzyme activity, but in this case a brown pigment contaminated the final 
preparation. The amount of juice obtained varied with different batches 
of roots, but no advantage was gained by adding water or buffer in several 
attempts to extract additional activity from the pulp. 

The juice expressed from freshly ground parsley roots is a cloudy, yellow 
liquid, very rich in pyruvic carboxylase. Quantitative assay of the oxal- 
acetic carboxylase activity at this stage is therefore not feasible. The fresh 
juice was treated immediately with 0.05 volume of 3 M acetate buffer, pil 
5.0, and allowed to stand at 4° for from 2 to 12 hours. The precipitate was 
centrifuged, and the supernatant was dialyzed for 48 hours in the cold 
against 0.025 mu phosphate buffer, pH 7.4. The precipitate which formed 
was centrifuged, and the rates of decarboxylation of oxalacetic and pyruvic 
acids catalyzed by the supernatant were determined. 

If the pyruvic carboxylase activity was sufficiently low to allow a deter- 
mination of the first order rate constant of the oxalacetic enzyme, as de 
scribed later, the preparation was lyophilized at this point. Otherwise, the 
treatment with acetate buffer, centrifugation, and dialysis were repeated. 
At times the acetate treatment was repeated twice before lyophilizing. 
This procedure is not recommended unless the pyruvic carboxylase activity 
is exceptionally resistant to inactivation, since the acetate treatment always 
leads to some loss of OAA carboxylase activity. It was always possible to 
remove the last traces of pyruvic carboxylase by prolonged dialysis (3 to 5 
days) of a concentrated solution made up from the lyophilized powder. 

Besides destroying pyruvic carboxylase, the acetate treatment yields a2 
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enzyme solution which can be cleared of turbidity by centrifugation. Re- 
peated acetate treatments may be necessary to achieve this purpose. Bya 
combination of acetate treatment, dialysis, and centrifugation, we have 
been able to prepare perfectly clear enzyme solutions free from pyruvic 
carboxylase from almost every batch of roots tested. About one trial in ten 
was unsuccessful, leading to a product containing so little activity that it 
was discarded. 

This procedure could be applied to parsnip as well as to parsley root, with 
virtually identical results; 7.e., the final preparations obtained appeared to 
be indistinguishable. Attempts to apply it to carrot roots and to radishes 
gave preparations in which the presence of OAA carboxylase could be 
demonstrated, but yields were low. Subsequent work by Dr. J. Ceithaml 
has indicated that direct precipitation of plant press-juices with ammonium 
sulfate is superior to the procedure described above. All experiments on 
OAA carboxylase reported in this paper were carried out, however, on 
enzyme solutions prepared in the manner described. 

Quantitative Assay of Oxalacetic Carborylase—F or the quantitative assay 
of the amount of OAA carboxylase present in a given preparation, the rate 
of evolution of carbon dioxide from added OAA is measured manometrically. 
The reaction medium contains 0.1 M acetate buffer, pH 5.0, 0.01 am MnCh, 
and 1 mg. of OAA. The reaction is run in air at 30°. Reaction (a) pro- 
ceeds completely to the right under these circumstances, since there is little 
retention of carbon dioxide in the medium. All 8-carboxylases obtained 
from plant sources have been found to exhibit first order kinetics with 
respect to substrate when the reaction is followed under these conditions. 

We have adopted the procedure of measuring equal amounts of enzyme 
into two Warburg vessels and inactivating one sample by holding the vessel 
in a boiling water bath for 1 minute. Then acetate and MnCl, are added 
in amounts to make a final concentration of 0.1 mM acetate and 0.01 m MnCl, 
and the volume is made up to 1.9 ml. In the side arm of each vessel is 
placed 0.1 ml. of H,O containing about 1 mg. of OAA which is made up 
immediately before use by dissolving about 10 mg. of OAA in 1 ml. of H,O. 
The vessels are equilibrated for 10 minutes and the reaction started by 
tipping. A reading is taken at 1 or 2 minutes and readings are spaced there- 
after at suitable intervals, depending on the speed of the reaction. It is 
necessary to time readings accurately, and no more than six vessels are 
therefore run at one time. The reaction stops completely when the CO, 
evolved is equivalent to the OAA added. As a check on this figure, a vessel 
is always made up with acetate buffer, 0.03 m NiSO,, and 0.1 ml. of the 
same OAA solution that was used in the activity determination. Oxal- 
acetate is completely decarboxylated in 15 minutes in this system, and the 
amount of oxalacetate added at the time of tipping can then readily be 
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determined. From the microliters of CO, evolved and the amount of OAA 
added, the amount of OAA present at any time may be calculated. The log 
of the OAA concentration plotted against time gives a straight line with g 
slope proportional to the velocity constant, *, of the reaction. The con- 
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TUAE MINUTES 
Fic. 1. Assay of plant oxalacetic carboxylase. The conditions are those of the 
standard test system. 0.01 mw MnCl), 0.1 ™ acetate buffer, pH 5.0; 196 wl. of OAA 
added at time of tipping. Amount parsley root enzyme, 0.3 ml. of a solution contaia- 
ing 10 mg. of dry weight. Curve 1, enzyme heat-inactivated; Curve 2, enzyme not 
heat-inactivated. Slope of Curve 1, (4 log OAA)/(4 minutes) = 0.036; slope of 
Curve 2, 0.136; activity, & per ml. = (2.3(0.136 — 0.036)/0.3) = 0.77; net dry weight 
= 10 mg. per ml.; activity, & per mg. = 0.077. 


stant is defined by the equation 


k 2.30 OAA, 

in which OAA, and OAA, are OAA concentrations at times 4 and t, respec 
tively. Results of a typical assay are shown in Fig. 1. 
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The difference between the first order rate constant obtained in the pres- 
ence of the unheated enzyme and the first order rate constant obtained in 
the presence of heat-inactivated enzyme (or in the absence of enzyme) 1s 
directly proportional to the amount of enzyme present, as shown in Fig. 2. 
In most instances, heat-inactivated enzyme (held in a boiling water bath 
| minute) has no effect on the velocity of the decarboxylation, which is that 
due to the divalent cation alone. This value is referred to as the blank. 
Occasionally, however, crude preparations will affect the blank after heat 


0.240° 


FIRST ORDER RATE CONSTANT k MIN 


i0 20 30 
MG. ENZYME PREPARATION 
Fic. 2. Proportionality of first order rate constant to quantity of enzyme. The 


conditions are those of the standard test system. In this case mg. of enzyme prepara- 
tion refers to the total weight of lyophylized powder. 


inactivation, and we have therefore usually determined blanks in the pres- 
ence of heat-inactivated enzyme. 

The Mn** concentration of the test system was chosen to give maximum 
enzyme activity (13). The pH and the concentration of buffer were rather 
arbitrarily selected. The enzyme activity decreases as the buffer concen- 
tration increases. ‘Thus, at acetate concentrations of 0.05, 0.25, and 1.25 
aM, the relative enzyme activities were 14, 5, and 1, respectively. This 
seems to be a non-specific salt effect, since addition of sodium chloride gives 
similar effects at similar concentrations. It is necessary, however, to have 
sufficient buffer present to prevent the pH change associated with the re- 
moval of a carboxy! group during the course of the reaction. The optimum 
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pH of the enzyme has not been determined, but it lies above pH 5.0. Thus 
the relative activities of an enzyme tested in acetate buffer at pH 4.4, 50. 
and 5.5 were found to be 1, 4, and 7 respectively. The increased activity 
observed above pH 5.0 is balanced by the decreased activity associated 
with the need for higher buffer concentrations at the latter pH. Therefore 
the choice of buffer concentrations and pH is a compromise selected for 
feasibility. Activity measurements made as described are reproducible 
within 10 per cent and directly proportional to the enzyme concentration. 
but do not represent maximum or optimum activity. 

Although assays were routinely run in air, attention is called to the need 
for precautions due to possible oxygen consumption (5). If the reaction is 
run to completion, the CO, evolved should be equal to that in the NiSO,. 
catalyzed decarboxylation which is always run simultaneously. This 
agreement is a check on the absence of any oxygen consumption. We 
have virtually never observed more than 10 ul. of O, consumption per hour 
when assaying plant oxalacetic carboxylases prepared as described. 

Properties of Oxalacetic Carborylase Preparations—The enzyme prepara- 
tion described contains a number of enzyme activities in addition to oxal- 
acetic carboxylase. Thus the presence of oxalosuccinic carboxylase and of 
isocitric and malic dehydrogenases active with TPN has already been re- 
ported (10, 11). (Further details regarding the tricarboxylic acid system 
will appear in a separate paper (14).) It is not possible at present to say 
to what extent the two 8-carboxylases are associated, or to what extent the 
respective dehydrogenases are necessarily present with the carboxylases. 
The dehydrogenases cannot be demonstrated readily in all preparations. 
At present it appears, however, that this may be due to the presence of an 
enzyme or enzymes (in variable amounts in different preparations) which 
destroy TPN2 Malic dehydrogenase active with DPN has been found 
either absent or present in only small amounts. Here again, however, the 
possible presence of DPN-destroying factors may influence the results. 
Lactic dehydrogenase, fumarase, and aconitase have never been observed 
in any of the preparations tested. 

The OAA carboxylase in the preparations described is quite stable at 
neutral pH and can be kept at 4° for at least a week without loss in activity. 
It can be dialyzed at pH 7 to 8 against dilute phosphate or veronal buffer, 
likewise with no loss in activity. Though phosphate was usually employed 
for the dialyses, it is not necessary for enzyme action. Small and variable 
losses in activity accompanied dialysis against distilled water, but this 3s 
probably associated with the acid pH of the water. There is no evidence 
for the presence of a dialyzable cofactor other than divalent cations. 


* We are indebted to Mr. Eric Conn of this department for information regarding 
the action of the plant enzyme preparations on TPN. 
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The activity of the carboxylase is not influenced by TPN, DPN, diphos- 
phothiamine, or ATP. Considerable inhibition is produced by /-malic acid. 
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Fie. 3. Effect of malate and TPN on parsley root OAA carboxylase. 0.3 ml. of 
enzyme (17.4 mg. of net dry weight per ml.), 0.001 « MnCl,; 0.025 m acetate, pH 5. 
Additions when indicated, 10 y of TPN per 2 ml., 0.0125 m final concentration of 
malate. 


Curve No. k, min. Net &, min-* 
1. Heated enzyme + malate 0.010 0 
2. 0.015 0 
3. Enzyme + malate 0.021 0.011 
a + TPN + malate 0.023 0.013 
* 0.055 0.040 
0.054 0.039 


Some typical results are shown in Fig. 3. In these experiments 0.001 m 
Mn** was employed instead of 0.01 m Mn**. Similar results are obtained, 
however, with higher Mn** concentrations. The reaction rate constants 
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for the various curves are shown in the figure legend. It is apparent that 
TPN has no measurable effect either in the presence or in the absence of 
malate and that 0.0125 m malate causes a 70 per cent inhibition of the net 
enzyme rate constant, but only 30 per cent inhibition of the heated blank. 

Because of recent evidence (15-18) that biotin may function as a cofactor 
for 8-carboxylations, its possible relation to the plant enzyme was examined. 
Added biotin has no influence on the action of the enzyme. Enzyme inacti- 
vated by exposure to pH 4.0 cannot be reactivated by biotin, nor does the 
presence of biotin influence the inactivation. The preparations have been 
found on analysis to contain biotin in somewhat variable amounts, but 
there is no evidence that it is necessarily associated with the enzyme. 

Below pH 6.0 and above pH 8.0, detectable inactivation of the carboxylase 
occurs within several hours at room temperature, and becomes more rapid 
as the pH is lowered or raised beyond these limits. Since the assay is run 
at pH 5.0, care must be taken not to delay the determination once the ace- 
tate buffer has been added to the enzyme. Lower activity values are 
obtained if the equilibration period is extended to half an hour instead of the 
usual 10 minutes. 

When the enzyme solution is brought to pH 4.0 at 25°, 40 per cent inacti- 
vation occurs in 5 minutes, and below this pH complete inactivation is 
virtually immediate. This is associated with the appearance of a precipi- 
tate which redissolves as the pH is lowered further. On neutralization of 
such a solution, the precipitate reappears, and no enzyme activity can be 
detected. On the alkaline side 60 per cent inactivation was observed after 
a 5 minute exposure at 25° to pH 11.2, and 100 per cent inactivation at pH 
11.6. The solution remains clear in the entire alkaline range and no precipi- 
tate forms on neutralization. At pH 7.4, samples held at 50°, 60°, 70° 
for 5 minutes showed an inactivation of 25, 85, and 100 per cent respectively. 

Reversibility of Oxalacetic Carborylase—Evidence for the reversibility of 
oxalacetic carboxylase has previously been reported (10). OAA subjected 
to partial decarboxylation in the presence of enzyme, Mn**, and NaHC™); 
can be shown to incorporate C" into the 8-carboxyl carbon. These expen- 
ments were conducted in a manner similar to those already described with 
pigeon liver enzyme (5), except that the reaction was stopped by addition 
of 2 ml. of 50 per cent citric acid. The incubation period was 8 minutes, 
in which time approximately half the added OAA had been decomposed. 

The plant enzyme showed considerable exchange without addition of co- 
factors. Unlike the pigeon liver enzyme, ATP caused no increase in the 
exchange reaction, nor did TPN and adenylic acid. The results of these 
experiments are shown in Table I. In all cases, complete removal of C"0; 
from the medium was demonstrated by negative “‘rinse’’ values, determined 
as previously described. The enzymic nature of the exchange reaction is 
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shown by the virtual lack of exchange obtained with heated enzyme. In 
this experiment the incubation time was increased to 30 minutes to allow 
a comparable percentage of decarboxylation of OAA to be completed. The 
quantitative variation in results observed in the three experiments with 
active enzyme is probably not outside of the total limit of experimental 
error. 

These experiments, together with the demonstration of the enzymic de- 
carboxylation of OAA, demonstrate that reaction (a) with parsley root 


Taste I 


Fization of C'0,; in Orxalacetic Acid during Enzymic Decarborylation by Parsley 
Root Preparation 


Initial reaction mixture, 4.25 10°? m oxalacetate, 0.001 m MnCl, 1.2 K 10°* 
phosphate buffer, pH 6.0, 3.6 X 10°? mw NaHCO, containing C"*; 180 mg. of lyophilized 
parsley root protein and the cofactors indicated in the table in a total volume of 
10 ml. Incubated for 8 minutes at 30°. 


Radioactivity? of 
8-carboxyl carbon, 
Residual as per cent of 


Special conditions Added cofactors euntacetate® 
carbonic 
um 
| wl. 
1 None + 0.02 
3.0 X 10°*m ATP 52 + «0.03 
3 Enzyme solution * 7600 0.04 + 0.02 


heated; reaction 
time, 30 min. 
4 None 5.0 10°*m TPN 0.31 + 0.03 
| 2.9K 10°* “ adenylie 
acid 
* Initial oxalacetate, approximately 9300 ul. 
t The error given is the probable error (statistical). 


$ Approximately 15 per cent of oxalacetate decarboxylation is non-enzymatic 
and due to Mn** alone. 


enzyme occurs in both directions, and that, in contrast to results with the 
pigeon liver enzyme, neither ATP nor TPN appears to affect this reaction 
appreciably. 

Since the enzyme preparation contains a malic dehydrogenase active 
with TPN, it is also possible to demonstrate the combined action of the 
carboxylase and of the dehydrogenase (reaction (a) + (b)) by using the 
spectrophotometric procedure of Ochoa. The reduction of TPN by 
added malate is followed by measuring the increase in light absorption at 
340 mu due to formation of TPN, In the presence of added Mn** the 
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reaction proceeds to the right according to the equation 
(e) Malate + TPN... + pyruvate + CO, 


The addition of pyruvate and CO, after the reduction has ceased results jp , 
a reoxidation of TPN,.«, indicating that the reaction is freely reversible. 


REVERSAL OF DARSLEY ROOI t 
MALIC DEHYDROGENASE 
PYRUVATE AND BICARBONATE f 


ADDED 


PYRUVATE 


ADDED 


MALATE ADDED 


MALATE ADDED 


i 
° ao 20 30 40 so 
TIME IN MINUTES 

Fic. 4. The reversal of malic dehydrogenase by pyruvic acid and CQO, in the 
presence of a parsley root preparation. Composition of solution, 0.03 m glyeyi- 
glycine buffer, pH 7.4, 0.0012 m MnCl,, 1.1 mg. of parsley root preparation, and 40s 
y of TPN in a total volume of 3.2 ml. At time 0 add 0.001 ma of l-malate; at fadd | — 
0.05 mM of pyruvate plus 0.3 ml. of 0.1 mM NallCO, saturated with CO»; at 2 add 0.003 
mM of l-malate; at 3 add 0.05 mu of pyruvate. Absorption corrected for change in 
volume. Readings made against a blank which contained all components except 
TPN. 


Reduction and oxidation may be repeated at will by addition of appropriate 
amounts of substrate. A typical experiment of this type is shown in Fig. 4. 

Ochoa et al. (9) have shown that oxalacetate cannot reoxidize TPN,.«. 0 
experiments of this sort conducted with purified pigeon liver enzyme. Re- 
action (e) is accordingly regarded as not proceeding by way of OAA. In - 
the case of the plant enzyme, OAA is capable of reoxidizing TPNrea. with T 
the preparations tested. It seems appropriate, therefore, to consider reac- Dr 
tion (e) as the sum of reactions (a) and (b). However, since the plant ai 
preparation with which this experiment has been conducted is relatively ea 
crude, the possibility must not be overlooked that some of the apparent de 


properties of the enzymes may change on purification. 
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Supplementary evidence for the occurrence of reaction (¢) in parsley root 
is afforded by the incorporation of C™ into the organic acid fraction when 
the parsley root enzyme is incubated with unlabeled pyruvate and malate 
in the presence of C™O,. The results of such an experiment, presented in 
Table II, show that the C" fixed in the organic acid fraction is proportional 
to the malate content of the fraction. The conditions of the experiment 
are indicated in Table II. After the reaction mixture had been incubated 
for 3 hours, the experiment was terminated by addition of metaphosphoric 
acid. CO, was removed, the protein precipitate was centrifuged, and the 


Taste Il 


Fization of CO, in Organic Acids during Incubation of Parsley Root Protein with 
l-Malic and Pyruvic Acid Substrates 


Initial reaction mixture, 0.05 m phosphate buffer, pH 6.7, 0.017 m l-malate, 0.034 
u pyruvate, 0.01 MnCl,, 7.5 ATP, 2.4 107° NaHCO, containing C™ 
(thick sample count, 9000 per minute); 235 mg. of lyophilized parsley root protein 
and 197 of TPN in a total volume of 15 ml. Deproteinization with metaphosphoric 
acid yielding 17 ml. of supernatant and 3 ml. of precipitate. 


— 


Composition of extracted materials Radioactivity*® 


Time of extraction Count per mu 


extract Total dry Sodium Sodium sodium malate in 
weight malate pyruvate thick sample, 
corrected for 

(1) (2) (3) (4) (5) dilution effect? 
Ars. me. me. me. 
Ist 12 (Slowly) 160 13.3 | 13.5 650 + 30 
2nd 2 (Rapidly) 110 Bes... OM 680 + 20 

ola. 

12 (Slowly) | 70 + 30 


4 (Rapidly) 

* The error given is the statistical probable error. 

t Calculated from thick sample counts and malate concentration. Thick sample 
counts first corrected for dilution factor given by (Column 3)/(Column 4). Thick 
sample, 20 mg. per sq. cm., 3.47 sq. cm. total area. Therefore thick sample = 69.4 
mg. or 0.387 mu of sodium malate. 


acidified supernatant was subjected to continuous extraction with three 
successive portions of ether. The dry materials in the extracts were ana- 
lyzed for -malate® and pyruvate (19), and measured for radioactivity. 

That the amounts of total C™ fixed in such an experiment are relatively 
small has since been found to be due, apparently, to the destruction of 
TPN. Though incubation was continued for 3 hours, most of the fixation 
probably occurred within the first half hour. It is necessary to add con- 
siderably larger amounts of TPN to achieve higher fixation rates. The 
action of the ATP seems to be to cause a partial prevention of the TPN 
destruction .2 


*Speck, J. F., unpublished method. 
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Carborylase Activity of Crystalline Globulins from Cucurbit Seeds—It has | 
previously been reported (2) that the crystalline globulins which occur jp | 
high concentration in squash and pumpkin seeds (20) possess oxalacetic 
carboxylase activity. This activity is largely heat-labile, though heat. 
denatured protein retains a definite catalytic effect on the decarboxylation. 
Divalent cations have no effect on the enzyme action, since their presence 
accelerates decarboxylation with both unheated and heat-inactivated pro- 
tein to the same extent. Under the conditions of the standard test system, 
but with Mn** omitted, four times recrystallized globulin shows an activity 
per mg. of protein of the same order of magnitude as the crude unpurified 
preparations from parsley root. The globulin is virtually inactive at pH 
5.5, however, at which it is practically insoluble. At pH 5.0 it still remains 
largely as a precipitate in the test system, but at pH 4.5 it goes into solution 
and the activity is considerably increased. It appears to us that these 
globulins, which must be regarded largely as storage proteins, possibly do 
not possess any physiological function in so far as the carboxylation reaction 
is concerned. It may be noted that they are inactive at physiological pH 
values and that their activity is relatively low compared to the cation-acti- 
vated carboxylases. Furthermore, it has been possible to demonstrate that 
there is present in Cucurbita seeds, in addition to the globulin, a separate 
water-soluble oxalacetic carboxylase which is cation-activated and appears 
to be similar in nature to the 8-carboxylase of parsley root (12). 


> 


DISCUSSION an 


It seems probable that the reversible carboxylation of oxalacetate plays pli 
an important rdéle in the conversion of carbohydrate to dicarboxylic acids, ( 
and our results indicate that the process in plants is similar in outline, ifnot | 
in detail, to that which occurs in liver tissue. Parsley root, like pigeon (b) 
liver, contains a malic dehydrogenase active with TPN, together with an 
OAA carboxylase. It is possible that the two activities may be associated 
with 1 molecule, as Ochoa has suggested for the liver enzymes. The asso —_&) 
ciation of a TPN-active malic dehydrogenase with OAA carboxylase seems 
to occur very frequently in plant preparations. Final judgment on the 
significance of this association must await purification of the various activi- 
ties. 

However, in spite of the basic similarities of the parsley root and pigeon 
liver enzymes, there are certain decided differences among the character- 
istics of the two preparations. These may be summarized as follows: 

First, the kinetics of the decarboxylation of OAA by the pigeon liver 
enzyme and the plant enzyme are apparently different. With relatively 
small amounts of OAA, the pigeon liver enzyme shows zero order kinetics; 
the plant enzyme, first order kinetics, with respect to substrate. The 
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t has | optimum Mn** concentration is likewise different, being 0.01 m for the 


ur in 
cetic 
1eat- 


ently 


parsley root enzyme and 0.001 Mm for the pigeon liver enzyme. Both these 
differences imply that the pigeon liver enzyme combines more readily with 
both substrate and Mn** than does the plant enzyme. ‘This interpretation 
is further substantiated by the fact that the plant enzyme can readily be 
freed by dialysis (12 hours) from all cation activators present in the initial 
extracts, whereas the pigeon liver enzyme present in acetone powder ex- 
tracts retains considerable heat-labile activity without added divalent ca- 
tions, even after prolonged dialysis (4 days). 

The differences in the effect of ATP and of TPN on the two enzymes are 
perhaps even more striking. The OAA carboxylase of pigeon liver shows 
a decided stimulation of decarboxylation by TPN, whereas the exchange of 
CO, with the 8-carboxyl of OAA requires the addition of ATP. These 
apparently anomalous effects have not been satisfactorily explained, though 
they would appear to be related to the association of the malic dehydro- 
genase with the carboxylase. In the case of the plant enzyme, TPN and 
ATP have no effect on the decarboxylation reaction or the exchange reac- 
tion. The possibility that these characteristics may change on purification 
must of course not be overlooked. This has already been mentioned in 
connection with the fact that the reoxidation of reduced TPN is readily 
effected by OAA in the presence of the plant enzyme, whereas such a reac- 
tion is not catalyzed by the purified pigeon liver enzyme of Ochoa. 

With the reservation in mind that data obtained on impure preparations 
are not final, it nevertheless appears appropriate to emphasize that the 
plant enzyme can apparently catalyze both reactions (a) and (6) independ- 


(a) Oxalacetate =< pyruvate + CO, 
(b) l-Malate + TPNgx. = oxalacetate + TPN rea. 


and it is therefore unnecessary to regard reaction (c) 
(¢) Malate + TPNox = pyruvate + CO, + TPNeea, 


as anything but the sum of reactions (a) and (b). The pigeon liver enzyme 
on the other hand, as pointed out by Ochoa, seems to catalyze reactions (a) 
and (c), but not reaction (b). Ochoa has suggested that the intermediary 
OAA is metabolized on the surface of the enzyme where it is produced. 
Perhaps the differences bet ween pigeon liver and parsley root enzymes may 
be related to their different degrees of combination with the substrate OAA. 
The Michaelis constants have not been determined for either enzyme. 
However, a zero order reaction implies a Michaelis constant too small to 
be measurable, and a first order reaction, a Michaelis constant too large to 
be measurable (at least in the range in which the reaction remains first 
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order). Consequently, the pigeon liver enzyme would be expected to com. 
bine much more firmly with OAA than would the plant enzyme. 

It does not seem probable that all the differences noted between plant 
and animal enzymes can be attributed to the effects of adventitious impuri- 
ties, but it appears more likely that pigeon liver enzyme and parsley root 
enzyme are different proteins with similar function. Whether these 3-keto 
carboxylases may be regarded as typical of animal and plant carboxylases 
respectively remains to be determined. 


SUMMARY 


1. The preparation of an oxalacetic carboxylase from parsley root and its 
quantitative assay are described. 

2. The enzyme has been shown to be associated with a malic dehydro- 
genase active with TPN. 

3. The reversibility of the oxalacetic carboxylase has been demonstrated. 

4. Some properties of the oxalacetic carboxylase activity of crystalline 
globulins from squash and pumpkin seeds are discussed. 

5. The properties of parsley root oxalacetic carboxylase have been com- 
pared with those of pigeon liver oxalacetic carboxylase. 
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THE EFFECT OF CATIONS ON THE DECARBOXYLATION OF 
OXALACETIC ACID* 


By JOHN F. SPECKT 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, September 27, 1948) 


In connection with studies on the 8-keto acid carboxylases of plants (1, 
9) the effects of metal ions on the decarboxylation of oxalacetic acid, in 
the presence and absence of enzyme, were studied. In confirmation of 
Krebs (3) the decarboxylation was found to be accelerated by a variety of 
polyvalent cations. It was also observed that the enzyme oxalacetic car- 
boxylase from parsley roots, which is nearly inactive in the absence of 
metal ions, is activated by a variety of divalent cations. 


Methods 


The experimental procedures used in studying keto acid decarboxylation 
are described in the preceding paper (2). Evolution of carbon dioxide from 
oxalacetic acid was measured in Warburg manometers, with a reaction mix- 
ture buffered at pH 5 to avoid retention. Since in most cases the decar- 
boxylation reactions follow first order kinetics with respect to oxalacetic 
acid, the rates are conveniently expressed as first order reaction rate 
constants. 


Results 


Effect of Cations on Non-Enzymatic Decarborylation of Oxalacetate—All 
the polyvalent cations tested, with the exception of Ba**, accelerate the 
decarboxylation of oxalacetate. Monovalent cations were not studied, but 
Krebs (3) found them to be ineffective. In agreement with Krebs, it was 
noted that the effect of the cation is independent of the nature of the anion 
added with it, provided the salt is ionized. Except in the case of Fe*** and 
Al***, which are described later, the decarboxylation reactions follow first 
order kinetics with respect to oxalacetic acid. When Cu** is present in 
concentrations of 0.01 mM or greater, the first order constants tend to decrease 
somewhat with time, and the average has been taken. 

In Fig. 1 the first order rate constants are plotted against the logarithms 


* This work was supported by grants from the John and Mary R. Markle Founda- 
tion and from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the Uni- 
versity of Chicago. 

t Present address, Medicinska Nobelinstitutet, Biokemiska Avdelningen, Stock- 
bolm, Sweden. 
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of the molarities of the cations. The curves for the various ions are similar de 
in shape, but the concentration giving a maximum effect and the magnitude | 
of the effect vary with different cations. Cu** and La*** give maxima at 
concentrations of 0.001 um. The activity maximum shown for Pb** may 


0.480 
> ZnSO, 
©.420} >» NiSO4 
0.560} 
> Co(CzHs0;), 
Z 0500} 
0.240r 
a 
4 
0.1680r 
— 
& 
= 0120- 
\ 
0.060} 
+ >BaCl, 


40 3.5 3.0 25 20 45 
LOG MOLARITY OF CATION 
Fic. 1. Effect of various cations on the non-enzymatic decarboxylation of oxal- 
acetate. Samples contained 0.1 mM acetate, pH 5.0, 1 mg. of oxalacetic acid (equivs- 
lent to 160 wl. of CO,), and metal salts in the concentrations indicated, in a total 
volume of 20 ml. Temperature 30°. In the absence of added polyvalent cation, the 
first order rate constant was 0.006 min.~'. 


not be similar in nature, because in samples containing Pb** at concentra- 
tions of 0.01 m or greater a precipitate (perhaps lead oxalacetate) appear 
on tipping in the oxalacetic acid. Other ions, such as Zn*+, Ni**, Co*, 
and Fe**, tend to approach maxima at the highest concentrations studied. 
It was necessary to employ anaerobic conditions in testing the action of 
Fe** ions. When air was used as the gas phase, a yellow color (probably 
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mila: due to formation of basic ferric acetate) appeared at the moment when the 
itude | oyslacetic acid was tipped in. Subsequently oxygen was taken up at the 


na at 


may 


same time that carbon dioxide was liberated, and the kinetics of the reaction 
were complex. Under anaerobic conditions (nitrogen as the gas phase, 


— 


MICROLITERS CO, 


k 0.292 min 
0.001 W Fe*** 
0.005 M fe*** 
0.0003 M Fe*** 
0.01 M fe** 
0.0001 M Fe*** 

io” 26 30 

MINUTES 


Fig. 2. Effect of Fe*** on the non-enzymatic decarboxylation of oxalacetate. 
Samples contained 0.1 sw acetate, pH 5.0, oxalacetic acid equivalent to 150 wl. of COs, 
and FeNH,(SO,); in the concentrations indicated, in a volume of 2.0 ml. Tempera- 
ture 30°; gas phase N;. Curve 1 was calculated for a first order rate constant of 
0.292 min.~', corresponding to the maximum rate with Cu’*. 


yellow phosphorus in the center well), no yellow color appeared on tipping 
in oxalacetic acid, and the decarboxylation followed first order kinetics. 
Fe*** and Al*** gave results different from those obtained with the other 
ions, and these effects are represented in Figs. 2 and 3. Decarboxylation 
of oxalacetate in the presence of these ions follows first order kinetics only 
at low cation concentrations (below 0.001 m). At higher concentrations 
the rates fall off more rapidly than expected for first order reactions, par- 
ticularly in the case of Fe***. Both ions give maximum rates of decarboxy- 
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lation at a concentration of about 0.001 m, and the maximum rates are lower | La’ 
than those observed with the most effective divalent cations, such as Zn | oop 
and Ni**. The experiments with Fe*** were performed under anaerobic I 
conditions. of 
E ffect of Cations on Enzymatic Decarborylation of Oxalacetate—A prepara. trai 
tion of oxalacetic carboxylase from parsley roots, made as described in the » 


150 i 


120 


MICROLITERS CO, 


re) io 36 “Fo 
MINUTES > 


Fic. 3. Effect of Al*** on the non-enzymatic decarboxylation of oxalacetate Symp 
Samples contained 0.1 acetate, pH 5.0, oxalacetic acid equivalent to 150 ul. of CO: 
and Al.(SO,); in the concentrations indicated, in a volume of 2.0 ml. Temperature 29m 
30°. Curve 1 was calculated for a first order rate constant of 0.292 min.~'. rate | 


preceding paper, was used in studying the effect of cations on the enzymatic —egeh 
decarboxylation of oxalacetate. In the absence of added divalent cations, | cept 
decarboxylation of oxalacetate by the enzyme is very slow. All the divalent trytj 
cations studied activate the enzyme; i.c., the rate of decarboxylation & gone 
oxalacetate in the presence of enzyme plus cation is greater than inthe | 
presence of cation alone, of enzyme alone, or of cation plus heat-inactivated 
enzyme. In all cases of activation, the reactions follow first order kinetics 
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ower | La*t** ions do not activate the enzyme, and Fe*** and Al*** ions give 


robic 


complex results, which are described later. 
In Fig. 4 the relative activity of the parsley root enzyme in the presence 
of different cations is plotted against the logarithm of the cation concen- 


vara. tration. The various ions give curves of similar shape which differ from 


the 


} 


100r 
“MnCl, 
80; 

> 

60} 

N 

CaCl, 

20 

MgSO, 
*CdS0O4 


LOG MOLARITY OF CATION 
Fig. 4. Effect of various cations on the enzymatic decarboxylation of oxalacetate 


- Samples contained 0.1 m acetate, pH 5.0, 1 mg. of oxalacetic acid, 15 mg. of lyophilized 


parsley root enzyme, and various ions in the concentrations indicated, in a volume of 
20ml. Temperature 30°. The rate with 0.01 a Mn** is taken as 100. The relative 
tate in the absence of added divalent cations was 1. 


each other in the position and height of the maximum. All of the ions ex- 
cept Mg** and Ba*t* show maximum effects within the range of concen- 
trations studied. ‘The maximum for Ca** actually lies just at the highest 
concentration, 0.03 m; higher levels give lower enzyme activities. Of the 
ons tested, Mn** is most effective in activating the parsley root enzyme. 

In most cases the first order rate constants for the decarboxylation of 
oxalacetate in the presence of cation plus heat-inactivated enzyme are the 
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same as in the presence of an equal concentration of cation alone. This 
indicates that the inactivated protein does not firmly bind these jon: 
However, the heat-inactivated protein reduces the rates obtained with Co» 
and Ni** at 0.08 m concentrations and with Zn** at concentrations of 0.0% 
wand above. Decarboxylation of oxalacetate in the presence of heated 
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MICROLITERS CO, 


4 
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© UNHEATED ENZYME 
@ WEATED ENZYME 
40.01 M Mn** 
2 0.05 M Fe*** 
30.005 M fe*** 
4 0.0003 M fe*** 
id 30 
MINUTES 
Fic. 5. Effect of Fe*** on the enzymatic decarboxylation of oxalacetate. Sam 
ples contained 0.1 m acetate, pH 5.0, oxalacetic acid equivalent to 150 ul. of COs, 15 
mg. of lyophilized parsley root enzyme, and MnCl, or FeNH,(SO,4): in the conces- 
trations indicated, in a total volume of 2.0 ml. Temperature 30°. 


enzyme and La*** or Pb** occurs at the same rate as that observed in the 
absence of added metal ions; the inactive protein abolishes the catalytic 
activity of these cations, although Pb** activates the unheated enzyme. 

Fe*** and Al*** gave anomalous results, which are represented in Figs. 
Sand 6. Decarboxylation of oxalacetate in the presence of these ions doe 
not follow first order kinetics. At cation concentrations of 0.0001 and 
0.0003 m the rates in the unheated samples are the same as or slightly 
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greater than in the heated samples; both rates are considerably lower than 
those observed with the ions in the absence of any protein (compare with 
Figs. 2 and 3). At cation concentrations of 0.001 and 0.003 m the rates 
in the heated samples are equal to or greater than those in the unheated 
samples; both rates are somewhat lower than those observed in the absence 


450r 

120+ SF 4 
gOr ° 
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: @ HEATED ENZYME 
=) 1 0.01 M Mn** 
2 0.003 M 
260 4 0.0003 M 
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MINUTES 


Fic. 6. Effect of Al*** on the enzymatic decarboxylation of oxalacetate. Samples 
contained 0.1 m acetate, pH 5.0, oxalacetic acid equivalent to 150 ul. of CO,, 15 mg. 
of lyophilized parsley root enzyme, and MnC}, or Al,(SO,); in the concentrations in- 
dicated, in a total volume of 2.0 ml. Temperature 30°. 


of protein. At cation concentrations of 0.01 and 0.03 m, the rates in the 
unheated samples are the same as or greater than in the heated samples; 
both rates are greater than those found in the absence of protein. An 
explanation for these results is not apparent. When Fe**+* was present in 
high concentrations, some tendency to form deposits of basic ferric acetate 
on protein particles was noted. In any case, it seems unlikely that either 
Fe*** or Al*** activates the parsley root carboxylase significantly. 

The activity of the carboxylase with mixtures of two different cations, 
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each in suboptimum concentration, was studied. In the presence of heated 


; 


enzyme the effects produced by Zn** and Cd** are partially additive. The d 


following first order rate constants were observed: 0.012 min.! with 0.00) 
CdS0,, 0.080 min.’ with 0.0008 and 0.087 min.-' with both 
However, these cations compete in activating the unheated enzyme, so that 
intermediate activity is observed with both present. The relative enzyme 
activities (activity with 0.01 mw MnCl, taken as 100) were 39 with 0.001 y 
Cds0),, 23 with 0.0008 wu ZnSO,, and 35 with both. 

Experiments were carried out in which the acetate buffer was replaced 
by benzoate, phthalate, oxalate, succinate, tartrate, or citrate of the same 
pH and molar concentration. 0.001 mw MnCl, was present, and the rate of 
decarboxylation of oxalacetate was measured with and without enzyme. 
All of the buffers except benzoate reduce the rate of non-enzymatic decar- 
boxylation below the level observed with 0.001 m Mn** in acetate, and 
aided enzyme is completely inactive. In the case of benzoate, the non- 
enzymatic rate is the same as with 0.001 wm Mn** in acetate, but added 
enzyme is inactive. Probably phthalate, oxalate, succinate, tartrate, and 


citrate decrease the decarboxylation rate by forming complexes with Mav, | 


while benzoate more specifically inhibits the enzyme. 


DISCUSSION 


Krampitz and Werkman (4) first described the acceleration of the non- 
enzymatic decarboxylation of oxalacetate by metal ions for the particular 
case of Mg**, and Krebs (3) investigated this effect of cations in greater 
detail. The results of his studies and of the experiments reported in the 
present paper may be summarized as follows: Many polyvalent cations 
accelerate the decarboxylation of oxalacetate. Of those tested, Zn** and 
Ni** are most effective. Anions and monovalent cations do not influence 
the reaction. This action of cations is general for the decarboxylation 
8-keto dicarboxylic acids, such as oxalacetate, acetonedicarboxylate, and 
oxalosuccinate (5). Non-enzymatic decarboxylation of a- or 3-keto mono 
carboxylic acids is not affected by metal ions. 

Enzymes which catalyze the decarboxylation of oxalacetate have bee 
found in bacteria (4, 6), animal tissues (7), and plants (1). All thes 
enzymes require metal ions for full activity, and Mn** has nearly always 
been employed. However, complete studies on the cation specificity d 


oxalacetic carboxylases from various sources have not been made. The , 


carboxylase from parsley roots is activated by a considerable number o 
divalent positive ions, including Cu**, Pb**, Batt, Mg**, Fe**, 
Zn**, Ca**, Cd**, Co**, and Mn**; Mn** is most effective. There 1s po 
obvious correlation between the activities of the ions in the presence and 
absence of enzyme, but it appears that maximum activation of the enzyme 
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is achieved at lower concentrations than are required for maximum rates of 
decarboxylation in the absence of enzyme. A similar carboxylase prepared 
from the red radish is active in the presence of Ph**, Ni**, Zn**+, Mg**, 
Cd**, Co*t*, and Mn**; Mn** again gives the most rapid rates.' Oxal- 
acetic acid carboxylase from pigeon liver is activated by Mn** (7) and less 
effectively by Co**2 The enzyme from Micrococcus lysodetkticus functions 
with Mg** or Mn** (4, 8) and that from Escherichia coli with Mn** (6). 

The concentrations of divalent cations in intact plant tissues are prob- 
ably not sufficiently high to permit maximum activity of oxalacetic carboxy- 
lase unless the ions are localized at the site of enzyme action. For example, 
the Mn** content of parsley and parsnip roots is only about 0.075 mM per 
1000 gm. of fresh weight.2 A number of the cations which activate the 
plant carboxylases are essential nutrients for plants; for example, Cut’, 
Mg**, Fe**, Zn**, Ca**, and Mn** (10). These ions may function in 
part as cofactors for oxalacetic carboxylase or other enzymes of wide dis- 
tribution and possible great importance in plant metabolism. 

Kornberg, Ochoa, and Mehler (8) have recently presented evidence that 
the effect of cations such as Al*** and Mn** on oxalacetate decarboxylation 
is due to formation of an unstable cation-oxalacetate complex, which de- 
composes to give pyruvate, carbon dioxide, and free cation. The carboxy- 
lase protein appears to accelerate the formation or breakdown of the 
complex. A number of cations seem capable of forming such complexes 
with oxalacetate; the affinity between metal ions and oxalacetate and the 
rate of decomposition of the complex vary with the different metal ions. 
The ability of enzymes to accelerate the formation or breakdown of certain 
of these complexes introduces a new element of specificity into the effects, 
since enzymes from different sources may vary in their activity with differ- 
ent ions. 


SUMMARY 


Decarboxylation of oxalacetic acid in the presence of polyvalent cations 
follows first order kinetics. The rates of decarboxylation with fourteen 
different ions over a range of concentrations are reported. The enzyme 
oxalacetic carboxylase from parsley roots is activated by a number of 
divalent cations, of which Mn** is most effective. The relative enzyme 
activities with different concentrations of these metal ions are given. 


‘These experiments were performed by Miss Miriam C. Gollub of this depart- 
ment. 

* Personal communication from Dr. Birgit Vennesland. 

* The analyses were kindly carried out by Dr. Ernest Kun, using a procedure which 
be has recently described (9). 
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A GENERAL METHOD FOR THE SYNTHESIS OF 
a,y-DIAMINO ACIDS* 


fy HERBERT CARTER, F. R. VAN ABEELE,t JOHN W. ROTHROCK 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University 
of Illinois, Urbana) 


(Received for publication, October 28, 1948) 


Carter and his associates (1, 2) have described the degradation of strep- 
tamine to a, y-diamino-3-hydroxyglutaric acid. In order to compare this 
product with a compound obtained synthetically, a study of the preparation 
of a,y-diamino acids was undertaken. Of particular interest was a,y-di- 
aminoglutaric acid, which might be expected to result from further degrada- 
tion of a, y-diamino-3-hydroxyglutarie acid. Another substance prepared 
in the course of this work, a,y-diaminobutyric acid, is of current interest 
as a result of the discovery of its presence in the antibiotic substances 
polymyxin and aerosporin. 

A survey of the literature revealed that no general method was available 
for the synthesis of a ,y-diamino acids and that very few compounds of this 
type were known. A number of investigators (3-7) have described the 
preparation of a,y-diaminobutryic acid (L and pt forms). However, the 
methods employed were tedious, gave poor yields, and were not generally 
applicable. 

In considering possible methods of synthesis of a,y-diamino acids, the 
reduction of pyrazoline-3-carboxylic esters appeared promising, especially 
since a wide variety of pyrazolines is readily available. 


RCHN; + R’'CH=CHCO,R” R’—CH COR” 
| | 
R—CH N 
4 
NH 


| 

RCH—-CH—-CH--CO.H 
| 
NH; NH, 


* The authors wish to express their appreciation to the Abbott Laboratories, Eli 
Lilly and Company, Parke, Davis and Company, and The Upjohn Company for a 


| @Rerous grant in support of this work. Part of the material presented in this paper 


vas taken from the thesis submitted by F. R. Van Abeele to the Graduate College of 
the University of Illinois in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Chemistry. 
? Present address, Eli Lilly and Company, Indianapolis, Indiana. 
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This reaction has received but little attention. Balbiano (8), in 1888. pp. 
ported the reduction of pyrazolines to diamines with sodium and alcohol. 
but the possible synthetic applications of this reaction have not been jp. 
vestigated. Thoms and Schnupp (9) found that the catalytic reduction of 
pyrazoles proceeded only to the pyrazolidine stage. However, it seemed 
likely that further reduction to the diamine might be effected under the 
proper conditions and an investigation of this reaction was undertaken. 

It was discovered that the reduction of pyrazoline-3-carboxylic esters 
proceeds smoothly and rapidly at high pressures of hydrogen with Raney’s 
nickel catalyst. From the reduction product excellent yields (usually over 
80 per cent) of a,y-diamino acids were obtained. The compounds pre. 
pared in this way include a ,y-diaminobutyric acid, a ,y-diamino-3-methyl- 
butyric acid, a,y-diamino-3-phenylbutyric ‘acid, a ,y-diaminoheptanoie 
acid, and a,y-diaminoglutaric acid. 

In certain cases the first 2 atoms of hydrogen were absorbed readily, 
probably with the formation of a pyrazolidine,' and more strenuous condi- 
tions were required to complete the reduction. After removal of the 
catalyst the reaction mixtures were usually clear and colorless, indicating 
that little or no side reaction had occurred. The primary reduction prod- 
ucts were hydrolyzed with aqueous hydrochloric acid and the a ,y-diamino 


acids were isolated as hydrochlorides, except in the case of a,y-diamino- — 


glutaric acid which was obtained as the free amino acid. 

In every case except a,y-diaminobutyric acid, two racemic forms are 
possible. Therefore, the reduction products were examined carefully for 
homogeneity. It was possible to separate two racemic forms of a,7- 
diaminoheptanoic acid by fractionation of the crude monohydrochlorides 
from aqueous alcohol-ether mixtures. a ,y-Diamino-8-phenylbutyric acid 
monohydrochloride also appeared to consist of a mixture of isomers in 
approximately equal amounts. The major portion of the crude a,7- 
diamino-§-methylbutyric acid consisted of a single racemic form. The 
second isomer (if present) was not isolated. a@,y-Diaminoglutaric acid was 
examined with special care for the possible presence of isomeric forms. 
In one reduction an 88 per cent yield of the crude diamino acid was ob 
tained from dimethyl pyrazoline-3 ,5-dicarboxylate. 75 per cent of this 


material was obtained in a purified, apparently homogeneous state. This — 


product gave a dibenzoy! derivative (78 per cent yield) melting at 206-209, 
which on recrystallization from hot water showed no evidence of fractiona- 
tion. The dibenzoyl derivative on treatment with diazomethane gave 4 


dimethyl ester in almost quantitative yield. The ester melted sharply n3_ 
capillary tube (139-141°), but on the block under a polarizing microscope | 


two types of crystals were observed. Careful fractionation of this material 


' Catalytic reduction of hydrazones and azo compounds usually proceeds readil; 
to the hydrazine stage, but cleavage of the latter may require more drastic conditions 
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led to the separation of two isomers, one melting at 152-153°, the second at 
179-180°. The former is more soluble in cold acetone than the latter but 
has approximately the same solubility in acetone-hexane mixtures. This 
differential solubility behavior provided a satisfactory basis for fractiona- 
tion of mixtures of the two methyl esters. The esters melting at 152-153° 
and 179-180° yielded dibenzoylaminoglutaric acids melting at 203-204° 
and 215-217° respectively. There is very little depression of melting point 
on mixing the two acids. 

The two isomeric ethyl a,y-dibenzoylaminoglutarates (m.p. 130-132° 
and 158-160°) were separated in the same manner as the dimethy] esters. 

In a later run a small quantity of dimethyl pyrazoline-3 ,5-dicarboxylate 
was reduced with a higher ratio of nickel catalyst to pyrazoline. The re- 
duction proceeded more rapidly, and the product gave a dibenzoyl deriva- 
tive containing a high proportion of the 215-217° isomer. This result 
indicates that the relative amounts of the two isomers produced in the 
reduction may vary considerably with the conditions employed. A further 
study of this point seems desirable. 

The properties of the a,y-diamino acids are those which might be ex- 
pected. The basic amino acids were obtained as the dihydrochlorides and 
monohydrochlorides (in one case as the dipicrate). It is perhaps worthy of 


note that the dihydrochlorides have two disadvantages as characterizing 


derivatives. They tend to be hydrated and they lose hydrogen chloride 
(yielding the monohydrochloride) on being heated in vacuo or on repeated 
recrystallization. The latter difficulty can be avoided by recrystallizing the 
dihydrochloride from glacial acetic acid containing hydrochloric acid. 
However, with alcohol-ether as the solvent even the addition of small 
amounts of hydrochloric acid does not entirely prevent loss of hydrogen 
chloride. The monohydrochlorides of these amino acids are excellent 
derivatives. They crystallize readily from alcohol or alcohol-ether and 
show little or no tendency to exist as hydrates. 

The Van Slyke amino nitrogen values were theoretical if the reaction time 
was prolonged to 10 minutes. Dibenzoyl derivatives of the amino acids 
were readily prepared in good yields. 

There is no reason why the reduction of pyrazolines should be limited to 


| those compounds which have a carboxyl group in the 3 or 5 position. 


Although the preparation of other 1,3-diamines was not investigated, it 
appears likely that a wide variety of such compounds, which might other- 
wise be practically inaccessible, could be prepared by this method. 


EXPERIMENTAL 


DL-a ,y-Diaminobutyric Acid—Ethyl pyrazoline-3-carboxylate was pre- 
pared in a quantitative yield according to a modification of the method of 
von Auwers and Cauer (10). A cold solution of 10 gm. (0.1 mole) of ethyl 
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acrylate in 100 ml. of absolute ether was added with shaking to a coli ! 


solution of 7.6 gm. (0.19 mole) of diazomethane in 300 ml. of absolute ether 
The solution was allowed to stand at 5° for 2 hours with occasional! shaking 
The excess diazomethane was volatilized at 40° and the resulting colorless 
solution was concentrated under reduced pressure. The residue was trans. 
ferred to a filter with the aid of 50 ml. of low boiling petroleum ether. The 
filtration was conducted rapidly, since the product is unstable in air. The 
vield of white crystalline material melting at 69-70° was 14.1 gm. This 
material was used without further purification. A 92 per cent yield of ethy! 
pyrazoline-3-carboxylate was obtained by the same procedure from only | 
mole of diazomethane per mole of ethyl acrylate. 

Ethyl pyrazoline-3-carboxylate (14.1 gm.) was dissolved in alcohol and 
reduced in the presence of Raney’s nickel at 3509 pounds of hydrogen and 
65°. The theoretical amount of hydrogen was absorbed in 3 hours. After 
removal of the catalyst, the combined filtrate and washings were concen- 
trated under reduced pressure to a thick syrup. This was dissolved in 200 
ml. of 20 per cent hydrochloric acid and boiled under a reflux for 3 hours. 
The solution was decolorized and concentrated in vacuo. Alcohol (200 mi. 
was twice added and removed in vacuo. The resulting semisolid mass was 
treated with 150 ml. of alcohol and 400 ml. of ether. A quantitative yield 
of the crystalline dihydrochloride was obtained. For recrystallization the 
dihydrochloride (1.0 gm.) was dissolved in 15 ml. of concentrated hydro- 
chloric acid and 100 ml. of glacial acetic acid were added to the solution. 


The pure dihydrochloride (0.95 gm.) separated as prisms. This material 


melted at 175-180° on a micro block® and at 200-201° in a capillary. It has 
previously been obtained by Akabori and Numano (7) who reported a 
melting point of 202-204°. 

For further characterization the dipicrate was prepared by the addition of 
the calculated amount of picric acid to a hot aqueous solution of the 
dihydrochloride. On cooling the dipicrate separated as long needles. 
For analysis a,y-diaminobutyric acid dipicrate was recrystallized from 
water, giving material which melted with decomposition at 191-193". 


Caleulated. 33.34, iH 2.80, N 10.44 
(576.4) Found. ** 33.50, ** 2.98, ** 19.56 


Repeated recrystallization of @,y-diaminobutyric acid dihydrochloride 
from alcohol-water mixtures gave the monohydrochloride which melted 
with decomposition at 246-248". 


C,H,y,N:0,Cl. Caleulated. C 31.07, H 7.11, N 18.06, NH,-N 18.06 


* The melting = esenesaileben points reported in this paper were dete outa ob 
a K6fler micro block unless otherwise specified. 
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a,y-Diamino-3-methylbutyric Acid—Methyl 4-methylpyrazoline-5-car- 
boxylate was prepared from methyl crotonate and diazomethane as de- 
scribed for ethyl pyrazoline-3-carboxylate. Von Auwers and Cauer (10) 
found it necessary to distill the pyrazoline before crystallization could be 
induced. In our preparation an 88 per cent yield of pure crystalline 

line was obtained directly from the reaction mixture after distillation 
of the volatile components and cooling the residue in a dry ice-acetone mix- 
ture. The product melted at 33-35° (capillary). When not used imme- 
diately it was stored under nitrogen at 5°. 

Reduction of the pyrazoline and hydrolysis of the reduction product were 
carried out under the conditions used for a,y-diaminobutyric acid. The 
hydrolysate was concentrated to a syrup in vacuo. On treatment with 
absolute alcohol the crystalline a@,y-diamino-8-methylbutyric acid di- 
hydrochloride was obtained in an 82 per cent yield. The material was 
recrystallized from glacial acetic acid containing hydrochloric acid. The 
pure product melted at 120-123°. 


HO. 
(223.1) 


Calculated. C 26.92, H 7.23, N 12.56 
Found. “* 27.16, “* 7.24, “* 12.68 


When heated in vacuo or recrystallized from alcohol, the dihydrochloride 
gradually lost hydrogen chloride. a@,y-Dibenzoylamino-8-methylbutyric 
acid was obtained in an 82 per cent yield from the dihydrochloride in the 
usual manner. After being recrystallized from hot water, it melted at 192°. 
For analysis it was dried in vacuo over P,Os for 3 hours at 78°. 


CygllooNoOy. Calculated. C 67.04, H 5.92, N 8.23 
(340.4) Found. ** 66.95, “* 5.98, ** 8.38 
Neutral equivalent, 344 


a,y-Diaminoheptanoic Acid —Ethyl 3-n-propylpyrazoline-5-carboxylate 
was prepared from diazobutane and ethyl acrylate. To an ethereal solution 
of diazobutane (from 33 gm. of N-nitroso-8-butylaminoisobutylmethyl- 
ketone (11)) at —70° were added 6.5 gm. of ethyl acrylate. The addition 
was made dropwise, with vigorous shaking, and was stopped as soon as the 
color of diazobutane disappeared. The reaction was almost instantaneous. 
The colorless solution was concentrated under reduced pressure (20 mm., 
09°) toa colorless oil. This product weighed 11.5 gm. or 96 per cent of the 
theoretical amount. The material was dissolved in alcohol and reduced 
immediately. 

At an initial hydrogen pressure of 3500 pounds at 70°, the theoretical 
amount of hydrogen was absorbed in about 2 hours. After removal of the 
catalyst and evaporation of the alcohol in vacuo the remaining syrup was 
boiled under a reflux for 3 hours with 300 ml. of 20 per cent hydrochloric 
acid. The hydrolysate was decolorized and concentrated in vacuo to a 
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semicrystalline mass. The crude dihydrochloride was dissolved in 200 m). 
of warm absolute alcohol and treated with a hot solution of 5 ml. of pyridine 
in 50 ml. of absolute alcohol. On cooling, the crystalline a ,y-diamino. 
heptanoic acid monohydrochloride separated. Additional material could 
be obtained by treating the mother liquors with ether. The yield was 5.4 
gm. or 47 per cent of the theoretical amount. On examination of this ma- 
terial on the micro block, it appeared to exist in two crystalline forms, 
needles (I) and triangular plates (II). The needles appeared to melt at a 
lower temperature than the plates; the melting point of the mixture was 
209-211°. 

The separation of the isomeric hydrochlorides was accomplished by 
fractional crystallization from aqueous alcohol and aqueous alcohol-ether 
mixtures. The higher melting form was obtained in pure state after several 
recrystallizations from 85 to 90 per cent alcohol. It consisted entirely of 
thin triangular plates which melted at 232°, and was designated as hydro- 
chloride (II). After drying at 78° in vacuo the following analyses were 
obtained. 

Caleulated. C 42.75, H 8.72, NH»-N 14.25 
(196.67) Found. 42.92, “8.99, 14.35, 14.52 


The second isomer was obtained from the mother liquors of (II) by treat- 
ment with absolute alcohol and ether. This material consisted of beautiful 
bundles of needles which melted at 208-209°. For analysis it was dried for 
3 hours at 78° in vacuo. It was designated as hydrochloride (I). 


C;H,;N,0.Cl. Caleulated. C 42.75, H 8.72, N 14.25, NH,-N 14.25 
(196.67) Found. ** 42.96, “‘ 8.85, “14.07, “ 14.37, 14.64 


These materials were not interconvertible on crystallization. As further 
evidence that they were diastereoisomers, the dibenzoyl derivatives were 
prepared in the usual manner from excess benzoyl chloride in dilute sodium 
hydroxide. 

The dibenzoy] derivative of (I) melted at 174° after being recrystallized 
from a benzene-methanol-petroleum ether mixture. For analyses it was 
dried in vacuo for 3 hours at 78°. 

CuHyNO.. Calculated. C 68.46, H 6.57, N 7.61 


(368.4) Found. 68.62, 6.61, 7.47 
Neutral equivalent, 369 


a,y-Dibenzoylaminoheptanoic acid (II), prepared similarly, melted at — 


191-193°. 


Calculated. C 68.46, H 6.57, N 7.61 
(368.4) Found. 68.75, 6.61, 7.58 
Neutral equivalent, 368 
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a,y-Diamino-3-phenylbutyric Acid -Ethy| 4-phenylpyrazoline-5-carbox- 
ylate was prepared in an 89 per cent vield according to the procedure 
of von Auwers and Cauer (10). The reduction of the material was carried 
out under the conditions used for a ,y-diaminoheptanoic acid and was com- 
plete in 3 hours. A 70 per cent yield of a,y-diamino-8-phenylbutyric acid 
monohydrochloride was obtained by the isolation procedure employed in 
the above preparation. The material melted with decomposition at 
206-210° and appeared to be a mixture of isomers. For analyses it was 
recrystallized from aqueous alcohol-ether and dried tn vacuo over P,Os for 
3 hours at 78°. 


CyoHyN20-Cl. Calculated. C 52.06, H 6.55, N 12.15, NH»-N 12.15 


a,y-Diaminoglutaric Acid —Dimethyl pyrazoline-3 ,5-dicarboxylate was 
prepared by Buchner and Papendieck (12) who reported a 52 per cent yield. 
Using the procedure of these workers we obtained yields consistently 80 per 
cent or better. 41.5 gm. of dimethyl! pyrazoline-3 ,5-dicarboxylate in 100 ml. 
of alcohol were reduced at 3500 pounds of hydrogen at 60° in the presence of 
Raney’s nickel. About 50 per cent of the theoretical amount of hydrogen 
was absorbed in 3 hours. The temperature was raised to 115° and the re- 
duction was complete in an additional 3 hours. After removal of the 
catalyst the filtrate and washing were concentrated under reduced pressure 
toa thick blue syrup. The color was probably due to coordination com- 
pounds with nickel. The reduction product was hydrolyzed for 3 hours in 
300 ml. of 20 per cent hydrochloric acid. After being decolorized, the 
solution was concentrated in vacuo to a thick syrup. In order to remove 
excess hydrochloric acid, 100 ml. of alcohol were twice added and removed 
under reduced pressure. The material was then dissolved in 500 ml. of 80 
per cent alcohol and 30 ml. of concentrated ammonium hydroxide were 
added dropwise until the odor of ammonia persisted after thorough shaking. 
a,y-Diaminoglutaric acid crystallized as fine needles. After thorough 
cooling, it was collected on a filter and washed with 100 ml. of cold water, 
100 ml. of aleohol, and 100 ml. of ether. The dried product weighed 32 gm. 
or 88 per cent of the theoretical amount. For recrystallization, the ma- 
terial was dissolved in 3 liters of hot water, the solution was filtered, and to 
the filtrate were added 3 liters of hot aleohol. On cooling, the amino acid 
separated as needle-like prisms. The purified material weighed 24.1 gm. 
and appeared homogeneous. It decomposed above 250° without melting. 
For analysis the amino acid was dried in vacuo over P.O; for 3 hours at 78°. 


CsH oN Calculated. C 36.99, H 6.22, N 17.28, NHeN 17.28 


a,y-Dibenzoylaminoglutaric acid was prepared in the usual manner. 
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After recrystallization from hot water, a 78 per cent yield of pure material, 
which melted at 206-209°, was obtained. The following analyses were 
obtained after drying in vacuo over P,O, for 3 hours at 78°. 


Calculated. C 61.61, H 4.90, N 7.57 
(370.35) Found. 61.56, 4.83, 7.78 


For the preparation of dimethyl a,y-dibenzoylaminoglutarate, 5 gm. of 
the acid were suspended in ether and treated with a slight excess of diazo- 
methane in ether. The product (5.2 gm.) melted at 139-141° and gave the 
correct elementary analyses. It was dissolved in 35 ml. of boiling acetone 
and 170 ml. of hot hexane (b.p. 60-68°) were added, producing a slight 
turbidity. After standing at room temperature for 12 hours the pre- 
cipitate was filtered, washed twice with cold hexane, and dried, giving 2.15 
gm. of crystalline rods melting at 151-153°. Reerystallization of this 
material from acetone (35 ml.) and hexane (70 ml.) gave a pure product 
melting at 152-153°. For analysis it was dried tn vacuo over POs at 78° 
for 3.5 hours. 


CaHeNOs. Calculated. C 63.30, H 5.57, N 7.03 
(398.41) Found. ** 63.38, “* 5.38, “* 7.07 


The filtrate from the above separation was taken to dryness. The white 
solid was dissolved in 20 ml. of hot acetone, and hot hexane (b.p. 60-68") 
was added slowly until a slight turbidity was evident (110 ml.). After 
standing at room temperature for 12 hours a mixture of white crystals 
separated. The solvent was removed and the residue dried. It was 
washed three times with 5 ml. portions of cold acetone which removed the 
152-153° isomer. From the acetone washings after two recrystallizations 
was obtained 0.72 gm. of white rods melting at 152°. 

The residue from the acetone extraction was recrystallized 3 times by 
dissolving it in hot acetone and adding hot hexane until the solution became 
turbid (about 20 volumes). 850 mg. of fine, silky white rods melting at 
179-180° were obtained. For analysis the product was dried in vacuo over 
P.O; for 4 hours at 78°. 


Cy Calculated. C 63.30, H 5.57, N 7.03 
(398.41) Found. 63.42, 5.65, 7.07 


The filtrates from the above separations, combined and reworked by 4 


similar procedure, yielded 250 mg. of the 152-153° isomer and 300 mg. of | 


the 179-180° isomer. Total recovery of the 152-153° isomer was 3.12 gm. 
(60 per cent); of the 179-180° isomer, 1.15 gm. (22 per cent). 

Diethyl a ,y-dibenzoylaminoglutarate was prepared by dissolving 1.0 gm. 
of the crude acid in 125 ml. of absolute ethanol to which 0.5 ml. of acety! 
chloride had been added. After 4 days at room temperature the solvent 
was removed under reduced pressure and the residual material crystallized 
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on the addition of a small quantity of water. The crude product after 
being recryst:llized from ethanol-water melted at 124-129°. For analysis 
it was dried in vacuo over P,Os for 3 hours at 60°. 


CosHogNoOg. Calculated. C 64.77, H 6.14, N 6.57 
(426.46) Found. ~ 


This material was separated into two isomers melting at 130-132° and 
158-160° respectively by the method employed in separating the methyl 
esters. 

The two methyl a@,y-dibenzoylaminoglutarates were converted to the 
corresponding acids as follows: 1.0 gm. of the ester melting at 152-153° was 
treated with 150 ml. of 0.1 N potassium hydroxide in 90 per cent methanol at 
room temperature for 20 hours. The solution was acidified to pH 3.2 with 
hydrochloric acid and the methanol removed in vacuo. ‘The aqueous solu- 
tion was then readjusted to pH 1.5 and taken to dryness. Traces of hydro- 
chloric acid were removed in a vacuum desiccator over potassium hydroxide. 
The solid was recrystallized 3 times from 100 ml. portions of boiling water. 
660 mg. of large white needles melting at 203-204° were obtained. The 
analytical sample was dried in vacuo over PO; for 6 hours at 78°. 


Caleulated. C 61.61, H 4.90, N 7.57 


350 mg. of the isomer melting at 179-180° were treated in a similar 
manner with 50 ml. of 0.1 “ potassium hydroxide in 90 per cent methanol. 
280 mg. of white rods were recovered which, after three recrystallizations 
from 50 ml. portions of boiling water, melted at 215-217°. The analytical 
sample was dried in vacuo over P.O; for 6 hours at 78°. 


Calculated. C 61 61, H 4.90, N 7.57 
SUMMARY 


1. The reduction of pyrazoline-3-carboxylic esters proceeds smoothly, 
giving excellent yields of @,y-diamino acids. a@,y-Diaminobutyrie acid, 
a,y-diamino-3-methylbutyric acid, a,y-diaminoglutaric acid, a ,y-diamino- 
3-phenylbutyric acid, and @,y-diaminoheptanoic acid have been prepared 
by this method. Two racemic forms of the last three amino acids were 
produced in the reduction. 

The reduction of pyrazolines should afford an easy approach to a wide 
variety of 1,3-diamino compounds. 
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ABSORPTION SPECTRA* 


VII. THE INFRA-RED SPECTRA OF SOME NUCLEIC ACIDS, NUCLEO.- 
TIDES, AND NUCLEOSIDES 


By ELKAN R. BLOUT ano MELVIN FIELDS 


(From the Chemical Research Laboratory, Polaroid Corporation, Cambridge, 
Massachusetts) 


(Received for publication, October 12, 1948) 


Nucleoproteins, which seem to be present in viruses, bacteria, animal 
tissue, and plant tissue and partake in many vital processes (3), are con- 
jugates of various proteins with nucleic acids, and as such may vary in 
many ways depending on the specific chemical, and perhaps spatial, com- 
position of the whole structure. The brilliant work of Levene (4) and 
many subsequent investigators (5, 6) has shown that the nucleic acid 
moieties are polymers of nucleotides (purine or pyrimidine-sugar-phos- 
phates), but little is known concerning the actual structural details. 

The two presently recognized types of nucleic acids are that in which 
the sugar residue is pentose (p-ribose) and that in which the sugar residue 
is desoxypentose (2-desoxyribose); the first type is exemplified by the 
nucleic acid which may be prepared from yeast; the second type has been 
obtained from thymus glands, rat livers, ete. Another difference between 
the ribose and desoxyribonucleic acids occurs in the pyrimidine portions 
of the molecules; ribonucleic acid contains cytosine and uracil, whereas 
the desoxyribonucleic acid contains cytosine and thymine (5-methyluracil) 
(4), but both materials seem to contain the same purines, namely adenine 
and guanine. There is also some evidence that the two types of nucleic 
acids may differ markedly in molecular weight (6, 7), but such work must 
be closely scrutinized because of the varying methods of extraction and 
treatment of the materials. The ultraviolet absorption of both types of 
nucleic acid is essentially similar (8), and it is doubtful whether one can 
differentiate between them in this region of the spectrum by usual tech- 
niques. Our investigation was undertaken with the purpose of attempt- 
ing to differentiate different types of nucleic acids and their components 
by means of their infra-red spectra. 

It is well known that absorption in the infra-red region of the spectrum 
is characteristic of particular molecular groupings (9) and relates to the 
vibrational-rotational motions of the atoms. Thus two closely related 


* For Paper VI, see Blout, Fields, and Karplus (1). A preliminary note on some 


of the work reported in the present paper has appeared (2). Supported in part by 
funds from the Office of Naval Research. 
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substances may be easily differentiated by minor chemical differences 
such as the replacement of a hydroxyl group by a hydrog on. even in large 
molecules and polymers, it is possible to detect smal! differences jp 
composition (10), 

The infra-red spectra of ribonucleic acid (from yeast) and desoxyribo. 
nucleic (from thymus) are shown in Fig. | for the region of 2 to 15 4 (676 
to 5000 cm.~'). Certain similarities between the two spectra appear ob- 
vious; for example, the strong absorptions around 3 w (which are probably 
associated with hydroxyl and amino stretching vibrations), the bands at 
6 w (C=C, C=-N, and C=) stretching), the bands at 8 w, and the strong 
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WAVELENGTH IN MICRONS 

Fic. 1. Infra-red spectra of ribonucleic acid and desoxyribonucleic acid 


bands at 9.2 w. The differences between the spectra of the two materials 
seem to lie mostly at wave-lengths longer than 9 y; in particular the desoxy 
compound shows a band at 9.8 x, not shown in ribonucleic acid in which 
the 9.2 w« band is symmetrical, and the ribonucleate has a band at 11.7 4 
which is not present in the several samples of desoxyribonucleic acid that 
we have examined.' We have not attempted to give any assignment 
to these absorptions. 


* It should be noted that because of the very slight solubility of the nucleic acids, 
nucleotides, and nucleosides in any but aqueous solvents and the rather strong 
absorption of infra-red by water in the region 2 to 15 4 except in very thin layers it 
is necessary to measure these materials in the solid state. We have used the follow- 
ing techniques: (a) ‘casting’ of a concentrated aqueous solution on silver chloride 
disks, followed by removal of the water, leaving a continuous film; (+) evaporation 
of the material in high vacuum upon sodium chloride disks; (c) finely divided powders 
on sodium chloride disks; and (d) powders mulled into mineral oil. These methods 
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The spectra of three nucleotides (yeast adenylic,? cytidylic, and guanylic 
acids) have also been determined and are shown in Fig. 2. Guanylic acid 
gave a satisfactory film upon casting from aqueous solution, but since 
adenylic and eytidylic acid did not, they were measured as powders, which 
explains the sloping absorption cut-offs shown by these materials at wave- 
lengths shorter than 5.5 4. For a comparison of the two techniques we 
also measured the same sample of guanylic acid as a powder and repro- 
duced its spectral curve in Fig. 2. It is obvious from this and other ma- 
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Fic. 2. Infra-red spectra of yeast adenylic, cytidylic, and guanylic acids 


terials measured in our laboratory that powder films generally give less 
clearly defined bands than cast or evaporated films, probably due to the 
scattering of the radiation even at these relatively long wave-lengths (11). 
These nucleotides are characterized by the strong band or group of bands 
around 6 » similar to those seen in the nucleic acids. In addition all the 


are described in the experimental section and the technique used is noted in the lower 
right-hand corner of each spectral curve. 

* Preliminary measurements on a sample of adenosine-5-phosphate (kindly sup- 
plied by Dr. Fritz Lipmann) have been made in an attempt to differentiate it from 
the isomeric 3-phosphate (yeast adenylic acid). 
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compounds show a band in the region of 9.2 to 9.6 4.2 However, from the 
differences in the spectra of the nucleotides at wave-lengths in the region 
of 7 to 15 uy, it is obviously possible to differentiate samples of these ma- 
terials by such measurements. 
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Fic. 3. Infra-red spectra of yeast adenosine, guanosine, and xanthosine 


The infra-red spectra of the natural purine ribosides, adenosine and 
guanosine, as well as the analogous compound, xanthosine, have also been 
measured and the spectral curves are reproduced in Fig. 3. All the curves 
are characterized by at least two intense absorption bands in the 3 « region 


* Measurements on too few materials have been made to locate any bands asso- 
ciated with the phosphoric ester portion of the molecules with certainty, although 
unpublished observations of H. W. Thompson (12) indicate that phosphites and 
phosphonates absorb in the region of 10.4 to 11.8 4. 
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m the (presumably N--H and O--H stretching) and two intense bands in the 6 
egion yregion (C=C, C=N, or C=O stretching). Numerous other bands (pos- 
e ma- sibly useful for analytical purposes) are observed at longer wave-lengths, 
including a seemingly characteristic strong absorption in the region 9.2 to 
964. When adenosine was measured both as an evaporated film and as 
a powder, good agreement was obtained between the spectra (Fig. 3). 
Comparison of the spectral curve of xanthosine, as a powder in mineral 
oil, with that obtained on an evaporated sample indicates, however, that 
changes in this material must have occurred during the sublimation, since 
the spectra beyond 8 « do not agree either in location or intensity of many 
of the important bands. Perhaps this difference in behavior between 
adenosine and xanthosine is associated with the free hydroxyl groups on 
the purine portion of the xanthosine which are not present in adenosine. 
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Fic. 4. Infra-red spectra of p-ribose 


Finally we have determined the infra-red spectrum of p-ribose (Fig. 4). 
This material, determined as a powder film, shows very sharp absorption 
bands beyond 6.5 uw. This is perhaps due to a more uniform particle size 
distribution because of the crystalline nature of the material. The strong- 
est band in the spectrum is that at 9.3 «6 (O—H bending) and seems to 
_ becorrelatable with strong bands in the 9.2 to 9.6 « region observed in the 
more complicated ribose-containing compounds described above. 
We wish to acknowledge the assistance of Miss P. L. Snow and Miss 
A. P. Sutton, who gave invaluable technical aid in this work. 


» and 

been EXPERIMENTAL 

ae | Materials‘—All of the materials were obtained from commercial sources 
egion and purified when necessary as shown by ultraviolet absorption measure- 
ae ment or elementary analysis. The data are shown in Table I. The ribose 
oper * We are particularly indebted to Dr. Earl D. Stewart of the Schwarz Laboratories 


for supplying us with samples of some materials not commercially available and 
with some of the elementary analysis data. 
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used had a melting point of 82-83° and [a]? = —19.60° (reported by 
Levene and Jacobs (17), m.p. 86-87° and a, = —19.5°). 

Preparation of Samples —Four techniques were employed in the prepa- 
ration of samples for infra-red measurements; viz., (a) powder films on 
sodium chloride disks, (4) powders mulled in mineral oil, then spread on 
sodium chloride disks, (¢) high vacuum sublimation (at ~10°° mm. of 
Hg) onto sodium chloride disks, and (d) casting of aqueous solutions to 
give continuous films on silver chloride disks. The particular method used 
for each compound is noted on the absorption curve. 

Powder Films (11)— To prepare a sample by this method, a small quantity 
of the compound is ground as finely as possible in an agate mortar; a thin 
laver of the powder is then spread as evenly as possible over the face of a 
rock salt disk. A second rock salt disk is then placed on top of the first 
and rotated slightly so as to produce a more uniform layer. Uniform dis- 
tribution of the powder over the rock salt disk is facilitated by sifting the 
material through a fine mesh screen. 

Mineral Oil Suspension--When the preparation of satisfactory powder 
specimens failed, a sample of the material was ground in mineral oil and 
the suspension placed between rock salt disks for measurement. This 
technique has the advantage of reducing scattering and of yielding a more 
uniform sample. On the other hand, the use of mineral oil suffers from 
the disadvantage that it introduces absorption bands due to the oil. These 
bands, which occur around 3.4 » (C -H stretching) and at 6.8 and 7.2 
(CH, and CH, deformation), must be corrected for by measuring the 
sample against an identical cell tilled only with mineral oil. ‘This pro- 
cedure was emploved for guanosine and xanthosine. 

Vacuum Sublimation An apparatus was used in which the sample was 
sublimed (e¢.g., adenosine sublimed at 170-190° at approximately 10-° 
mm. of Hg pressure) directly onto a clean rock salt disk held dbout 3 inches 
away from the material. In general films obtained by this method are 
very uniform and often are completely transparent in the visible region. 
No attempt was made to measure the thickness of the material sublimed, 
but simply sufficient sublimate was allowed to collect so that the transmis- 
sion in the 6 uw region was between 10 and 20 per cent. As a check against 
decomposition during sublimation, samples of a compound before and after 
sublimation were submitted to spectral measurements in the vicinity of its 
ultraviolet absorption maximum. In general, the position of the absorp- 
tion band was unaltered and the e value unchanged (+5 per cent) by this 
treatment. In some cases, the rate of evaporation was so slow that it was 
hot practicable to collect sufficient material for this purpose. 

As noted above (Fig. 3) the spectrum of the evaporated sample of ade- 
hosine agreed well with that obtained with a powder of the material be- 
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tween sodium chloride disks. In the case of xanthosine, however, some 
darkening of the residual material in the sublimer was noted, and on pro- 
longed heating, decomposition occurred. The spectrum of the evaporated 
sample did indeed agree with that of the mineral oil suspension of xantho- 
sine at wave-lengths shorter than 8 yw, but at longer wave-lengths obvious 
differences appeared. 

Guanosine and adenylic acid charred so readily under conditions re. 
quired for their sublimation that no attempt was made to evaporate samples 
of these materials or of the other nucleotides for infra-red measurement. 

The simple purines and pyrimidines, on the other hand, showed no ap. 
parent evidence of decomposition under the conditions used for subli- 
mation. The infra-red spectral studies on these compounds will be re. 
ported shortly. 

Cast Films—The technique used can perhaps best be illustrated by the 
following example. A cast film of sodium ribonucleate was prepared by 
dissolving 54 mg. of the salt in 0.4 cc. of distilled water and spreading | 
drop of this solution evenly over a | inch silver chloride disk. The disk 
was then placed in a desiccator, stored for at least 24 hours in the dark 
over phosphorus pentoxide, and then dried for at least 40 hours over this 
material at room temperature and | mm. pressure. The resultant film 
was continuous, non-crystalline, and satisfactory for infra-red measure- 
ments. Films were prepared from thymus desoxyribonucleic acid in a 
similar manner. 

Instrumentation and Measurements spectral measurements were 
made on a Perkin-Elmer infra-red spectrometer, model 12A, with a ten 
cycle chopper, a Strong bolometer, an alternating current amplifier, ana 
a Brown Instrument Company recording potentiometer. For initial ob- 
servation, a complete spectrum from | to 15 « was recorded continuously. 
For drawing the final curves in Figs. 1 to 4, the data were obtained on a 
point to point basis, the points being taken from 5 to 10 em.~! apart at 
frequencies up to 1900 em.~' (5.2 «) and at larger intervals at higher fre 
quencies. 


SUMMARY 


The infra-red spectrum from 2 to 15 « has been measured for samples 
of the sodium salts of yeast ribonucleic acid and thymus desoxyribonuclei 
acid. These compounds exhibit different infra-red spectra, especially at 
wave-lengths longer than 9 u. 

The infra-red spectra of several nucleotides and nucleosides have also 
been determined. By use of the infra-red spectra of these compounds, 
differentiation and identification can be made of pure samples. 
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THE DERMAL EXCRETION UNDER CONTROLLED ENVIRON- 
MENTAL CONDITIONS OF NITROGEN AND MINERALS IN 
HUMAN SUBJECTS, WITH PARTICULAR REFERENCE 
TO CALCIUM AND IRON* 


By H. MITCHELL anno T. 8S. HAMILTON 
Wirn rue Tecuntcat Assistance or W. T. Haines 


(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Reeeived for publication, November 18, 1948) 


Under non-sweating conditions there is a loss of nitrogen and minerals 
from the skin in the so called “insensible perspiration.”’ Since “‘insensible 
perspiration’’ occurs in all animals, regardless of the presence or absence 
af sweat glands, the term is not a good one. In man, insensible perspira- 
tion is evident to a normal extent in the rare condition known as congenital 
ectodermal defect (1), in which the sweat glands are totally absent, and in 
normal persons it persists without diminution when the sweat glands are 
inactivated by repeated anodal cataphoresis of formaldehyde into the skin 
(2). Probably insensible perspiration is the result of a passive diffusion of 
water from the subdermal tissues to the surface of the skin, dependent on a 
vapor tension gradient. McCance (3) has shown that this diffused fluid, 
on evaporation at the surface of the skin, deposits there appreciable amounts 
of nitrogen, potassium, sodium, and chloride. Freyberg and Grant (4) con- 
firmed the presence of these elements in insensible perspiration, together 
with sulfate sulfur, and in amounts that may be of considerable importance 
to the accurate determination of mineral balances. Calcium and phos- 
phorus were not found in this excretion. 

On the initiation of sweating, the loss of water and solutes in the insen- 
able perspiration presumably stops wherever the surface of the skin is 
covered with a film of water. 

The sensible sweat that supersedes this insensible water (and solute) loss 
apparently contains all of the minerals found in the blood. Besides sodium, 
potassium, calcium, magnesium, chlorine, sulfur, and phosphorus, iodine 
‘see (5) and earlier workers) and fluorine (6) have been identified, and 
concentrations and, in some cases, losses per hour under controlled environ- 
mental conditions have been determined. The presence of considerable 
amounts of bromine in sweat was observed, but not measured, by Spector 
in the routine of his determinations of iodine in sweat. 


* These experiments were carried out under a contract, recommended by the Com. 
mittee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the University of Llinois. 
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According to Bischoff, Maxwell, and Hill (7), phosphorus does not oceyr 
in human sweat. Talbert, Stinchtield, and Staff (8) report variable con. 
tents of phosphorus in sweat ranging from Oto 4.8 mg. per lOO ml. White. 
house (9) found only doubtful traces of phosphate in sweat. 

The magnesium content of sweat is extremely variable in the experience 
of Hopf (10) and bears no reasonably constant relationship to calcium con- 
tent, although, on an average, Carpenter and Talbert (11) found a ratio of 
4 of calcium to 1 of magnesium, the latter concentration averaging 1.2 mg. 
per cent. Hopf’s average for magnesium in sweat is almost 3 times this 
figure; namely, 3.32 mg. per cent. 

Sweat is generally much more dilute in calcium than blood plasma, though 
the amounts present may be appreciable from the nutritional point of view. 
Subject to the usual considerable variation, the following average concen- 
trations of calcium in sweat have been reported in the literature: 0.3 to 15 
mg. per cent by Marchionini and Ottenstein (12); 5 to 10 mg. per cent by 
Bryant and Talbert (13); 5.8 mg. per cent by Borchardt (14); 5 mg. per cent 
by Talbert et al. (15); and 4.6 mg. per cent by Hopf (10). The latter inves. 
tigator observed a marked decrease in the calcium concentration of sweat 
as sweating proceeds, with initial values as high as 12.2 mg. per cent. 

The concentration of nitrogen in sweat has been variously reported from 
47 to 130 mg. per cent, and the total output per day from 71 mg. to 5.28 
gm., depending upon ambient temperature and especially upon muscular 
activity. The subject has been well reviewed by Cuthbertson and Guthrie 
(16). Emotional states, also, will stimulate the secretion of sweat by the 
apocrine glands and presumably increase the dermal loss of nitrogen and 
minerals. The nitrogenous compounds of sweat include the main end- 
products of amino acid metabolism as well as amino acids themselves (17). 

A quantitative knowledge of the dermal loss of nitrogen and minerals in 
the human subject is of importance in three ways: (a) It will define the 
significance of such losses for the accurate determination of nitrogen and 
mineral balances; (4) it will contribute to the better understanding of the 
hoady’s excretory powers, in iron metabolism in particular; and (c) it will, 
in conjunction with information of compensatory changes in urinary and 
fecal output, determine whether or not, and to what extent, if at all, nitrogen 
and mineral requirements are increased under sweating conditions. 

The experiments to be reported in the following pages constitute a small 
part of an extended investigation over a period of 2 years of the loss of 
water-soluble nutrients in human sweat under controlled environmental 
conditions. Prior publications in this series deal with the dermal loss of 
choline (18), of nicotinic acid and its metabolites (19), of folie acid (20), of 
pyridoxine and its metabolites (21), of inositol and erent: “ye 
(22), of ascorbic acid (23), of pantothenic acid (24), of iodine (5), and 
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fluorine (6). The experiments described below demonstrate the presence 
of copper, manganese, and iron in sweat, the conditions (food supply and 
environment) affecting the concentrations of nitrogen, calcium, and iron 
in sweat and the dermal loss per unit of time. They prove that dermal 
losses of these elements, even under minimal sweating conditions, constitute 
an appreciable error in metabolism experiments carried out in the usual way. 
Under sweating conditions, neglect of these losses may invalidate a meta- 
bolism experiment. The skin and sweat glands are shown to be important 
excretory organs for iron. 


| 
Description of Experimental Subjects 


Basal metab- 


Body weight 
Subject Age Height Surface area® olism per sq. 
Initial Final m. per br.f 
vrs. om. kg. kg. sq. ™. kslocalories 
A 25 167.0 67.0 64.0 1.72 
B 22 163.8 63.0 62.7 1.68 41.7 
Cc 27 165.1 71.3 67.5 1.74 37.8 
D 2b 1S7.9 103.4 SS.7 2.15 42.0 
bE 21 172.1 79.4 79.3 1.93 37.6 
F 20 163.8 70.6 69.9 1.76 


* Based on final weight, by using the Du Bois and Du Bois formula (25). 
t Determined by using the Collins gasometer to collect expired air. 


EXPERIMENTAL 


Environmental Conditions—The subjects of the experiments were exposed 
for 7.5 hours daily, 5 days a week, and for 3 hours on Saturday mornings, to 
controlled environments in an air-conditioned chamber. ‘The environments 
imposed ranged in sudorific potency from “hot humid” (dry bulb temper- 
ature 37-39°, relative humidity 65 to 73 per cent) to “comfortable” 
(dry bulb temperature 27-28°, relative humidity 43 to 45 per cent). The 
insensible loss in body weight averaged 720 gm. per hour under hot humid 
conditions, and 117 gm. per hour under comfortable conditions, with con- 
siderable variations from man to man. 

Subjects—Six male adult subjects were used in groups of two to four at 
atime. They were all conscientious objectors on detached service from 
civilian public service camps. A description of the subjects is given in 
Table I. While in the experimental chamber, the men generally wore only 
shorts and klaks, though in the Saturday morning tests, when samples of 
undiluted sweat were collected, they wore only klaks. In the particular 
experiments discussed in this paper, the subjects were at rest, sitting in 
metal chairs except when periodic observations were made on rectal tem- 
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peratures, or when other occasions required some movement within the 
chamber. 

Dietary Control—The diet was controlled in these particular experiments 
and was analyzed during metabolism periods when balances of nitrogen, 
calcium, or iron were being determined. At these times, the diet was made 
constant throughout a series of 4 weeks and for a preliminary period of 5 
or 6 days. 

Collection of Sweat—When undiluted sweat was required, generally dur. 
ing the Saturday morning exposures, it was secured either in glass beakers 
by running the lip of the beaker over selected areas of skin, or in cheese. 
cloth by periodically wiping the upper ventral part of the body. The sweat 
thus collected was transferred to glass jars containing acetic acid. Proper 
precautions were taken to minimize evaporation, and as each jar was filled 
it was removed to the refrigerator. 

Before entering the chamber, each man took a thorough shower bath, 
using warm water, soap, and a brush. If the sweat was to be used for 
mineral analysis, the body of each subject was rinsed with doubly distilled 
water, and the glassware used in collecting and preserving the sweat was 
cleaned in nitric acid. 

When it was desired to obtain the hourly output of nitrogen and minerals 
in the sweat, the sweat was mopped from the body with preboiled towels or 
cheese-cloth during the exposure period, and the body, shorts, towels, or 
cheese-cloth and the chair of each subject were carefully rinsed or washed 
with distilled water to remove all sweat constituents. Tests of the com- 
pleteness of collection of sweat by this method, with sweat chlorine as a 
criterion, indicated that, in washing the body alone, 95 per cent of the 
chlorine removed in six washings (250 to 300 ml. each) was present in the 
first four washings. If the second, third, and fourth body washings were 
used to rinse the towels and shorts of the subjects, which were then rinsed 
with five more portions of 300 to 500 ml. of distilled water, the chlorine in 
the last washing was negligible in amount. This procedure was used 
routinely. 

When the iron content of sweat was to be determined, all contact of the 
body with iron objects was avoided; the metal chairs were covered with 
rubber sheeting, from which sweat was removed by washing. 

The total secretion of sweat was measured by determining the net loss in 
body weight of each subject during each exposure period. Each subject 
was weighed to the nearest gm., immediately before entering the chamber 
and immediately after leaving it, on a Troemner balance, and all food and 
water consumed during the exposure period, and all urine and feces passed, 
were similarly weighed. From these measurements, the net loss in body 
weight was computed. 
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Obviously, the error in assuming that the net loss in body weight during 
an exposure period measures the amount of sweat secreted is less the greater 
the rate of sweating, since in profuse sweating the pulmonary loss of water 
constitutes an insignificant proportion of the total loss and the insensible 
perspiration may be considered to have disappeared. Under all sweating 
conditions the loss in weight due to the respiratory exchange of oxygen and 
carbon dioxide is insignificant, amounting to only 10.5 gm. per hour for a 
metabolism of 120 calories per hour and a respiratory quotient of 0.95. 

As Lee (26) has pointed out, the content of sweat in a given constituent 
may be determined more satisfactorily by dividing the total amount re- 
moved from the entire body by washing by the net loss in body weight than 
by analyzing portions of undiluted sweat collected from limited areas of the 
body surface. This is true because evaporation losses are difficult to avoid 
in the latter method, but particularly because the composition of sweat from 
different areas of skin differs. 

Analysis of Sweat Samples—aAll analyses were made upon filtered sweat, 
which was somewhat opalescent in appearance. The following methods 
were used, sometimes with slight modifications: nitrogen, Kjeldahl-Gun- 
ning-Arnold method and distillation into 4 per cent boric acid; calcium, 
Larson and Greenberg (27), Kirk and Tompkins (28); magnesium, Briggs 
(29); phosphorus, Woods and Mellon (30); manganese, Skinner and Peter- 
son (31); iron, Stugart’s modification (32) of the method of Kennedy (33); 
copper, Greenleaf (34). 


Results 


Minerals and Nitrogen in Undiluted Sweat—Table II contains some 
analyses of undiluted sweat collected under hot humid conditions. These 
analyses were carried out in the Ist vear of the experiment to determine 
some of the minerals in sweat and to follow the changes in mineral content 
that occur during a 3 hour period of sweating. Evidently the copper and 
manganese contents of sweat are quite small, averaging 5.8 and 6.0 y per 
100 ml., respectively. The phosphorus content is also relatively low, con- 
firming previous work referred to above; the content of calcium, after a 
period of adjustment, may be considerable, about 1 mg. per 100 ml., while 
that of magnesium is intermediate. The outputs of calcium and magne- 
slum, per unit volume of sweat, start at relatively high values and then 
decrease to much lower ones. The phosphorus content shows no consistent 
change with elapsed sweating time. 

Results of some later tests of the changes in the calcium and nitrogen 
content of sweat as sweating progresses are summarized in Table III. 
These values confirm the first tests in revealing a sharp drop in the calcium 
content of sweat. In contrast to calcium (and magnesium), the nitrogen, 
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like the phosphorus, concentration in sweat shows no consistent downwand en’ 
trend with time of sweating. re 

Paths of Excretion of Nitrogen, Calcium, and Lron under Different Environ. | 15 
mental Conditions—The loss of nitrogen, calcium, and iron from the body fig 


of 
Taste Il 27, 
Analyses of Undiluted Sweat, Collected under Hot Humid Conditions, and Effect of url 
Time of Exposure vai 
Date, 1943 Subject A Subject | Subject Ci Subject | Average 
| | | 10! 
Copper in y per 100 ml. sweat 
Feb.27 | 1 | 6.0 6.6 8.0 4.4 Cha 
Mer.13/ 1 7.5 | 5.0 4.5 4.5 | 5.8 
Manganese i in y per 100 ml. sweat 
Me.6 | 1/32 | 7.4 | 74 | 60 /|6.0 San 


Magnesium i in mg. per 100 ml. ‘sweat 
0.400 0.286 Ist 0.217; 2nd 
2 0.103 0.057 samples, 0.059 
0.150 0.188 0.172 0.108 
2 0.045 0.069 0.075 0.004 


Caleium in mg. per 100 ml. sweat 


4.05 3.2 4.54 3.90 Ist samples, 2.94; all | Aver 


1 

“4 210.73 | 0.40 | 0.9 1.63 others, 0.88 cor 
3 | 0.59 0.71 1.12 

“ 4 4 0.64 0.85 
July 3 Bet 2.22 | 2.35 | 1.90 ae 
“ 3 0.58 1.21 1.14 
“Phosphorus ir in mg. per 100 ml. sweat 
May 1 1 0.036 0.021. 0.043 0.022 ye 
“4 2 0.012 0.009 0.036 0.015 
3 60.019: 0.082 0.020 
| | 0.028 0.016 0.024 form 
— | dw 


by way of the alimentary tract, the kidneys, and the skin was measured ‘sme 
under profuse sweating conditions (hot humid environment) and under — te 
minimal sweating (or non-sweating) conditions (comfortable environment). | 
The essential results are summarized in Tables LV, V, and VI. 
The hourly loss of nitrogen through the skin on a moderately high proteit— cale; 
intake (about 98 gm. daily) averaged 152 mg. per hour in a hot humid» | 7 


J 
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environment and constituted an average of 22.5 per cent of the total output. 
Under comfortable conditions the hourly dermal loss of nitrogen averaged 
15 mg., accounting for 2.7 per cent of the total output. Even the latter 
figure assumes an appreciable magnitude for the day; t.¢c., 360 mg. It is 
of interest to note that the urinary output of nitrogen during Weeks 24 and 
97, when sweating conditions prevailed, was practically the same as the 
urinary nitrogen during Weeks 25 and 28, when little if any sweating pre- 
vailed. These data, therefore, afford no support for the existence of a 
compensatory relationship between kidney and sweat glands in the elimina- 
tion of nitrogen, a relationship that seems to exist for chloride, according to 


Tasie III 


Changes in Mineral Content of Undiluted Sweat with Elapsed Time from Initiation 
of Sweating 


Test 1. Consecutive half hourly samples _ Test 2. Consecutive half hourly samples 


Sample No. —— of Ca | P Sample No. ——. of N 
mi. mg. per 100 a per 100 mi. mi. mg. per 100 wil. 
2 437 3.17 0.068 2 518 40.6 
3 469 0.96 | 0.065 © 3 537 39.6 
4 427 0.62 | 0.045 4 458 30.8 
5 389 0.41 | 0.053 5 427 42.3 
6 342 0.40 0.050 6 323 45.4 
Averages, Subjects B, C, D, and E; chamber Averages, Subjects C, D, and E; 
conditions, dry bulb 37°, wet bulb 33°, rela- chamber conditions, dry bulb 
tive humidity 76°, 38°, wet bulb 32°, relative hu- 


midity 65°% 


Daly and Dill (35). The data, therefore, suggest an increase in nitrogen 
catabolism under sweating conditions, and hence an increase in protein 
requirements. 

Comparison of the metabolism of calcium in a hot and a comfortable 
environment (Table V) is complicated by the greater calcium intake in the 
former environment. This was brought about by a greater consumption 
of water, which unfortunately was tap water, containing about 60 mg. of 
calcium per liter. Under profuse sweating there was an average cutaneous 
loss of 20.2 mg. of calcium per hour, compared with a loss of 6.2 mg. under 
comfortable conditions. The former loss accounted on the average for 29.9 
per cent of the total body loss of calcium, over twice that in the urine. 
Even under non-sweating conditions, 14.4 per cent of the total output of 
calcium occurred, on the average, through the skin, not greatly different 
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from the proportionate loss in the urine, 21.0 per cent. There is little sug. 
gestion from the data in Table V that an increased excretion of calcium 
through the sweat glands is associated with a decreased excretion in the 


IV 
Paths of Excretion of Nitrogen under Different Experimental Environments 
pay bes loss of N Loss of N° 
Subject Experimental wk. weight intake oll. 
om. mg. mec. me. per cent = per cent per cont 
24th 498 15.7 57 418 128 9.5 69.3 | 211 
D 24th 7380-174 560 «4146 71.7 | 18.7 
th 680 (17.2 77 462 145 11.3 67.5 | 212 
F 24th 424 127 «9.0 | 70.0 | 21.0 
Cc 25th % 13.0 69 408 19 | 14.0 | 82.2 | 338 
D 25th 1% 616.2 526 21 (14.1 | 825 | 3.3 
25th 66 62 7 10 11.6 86.6 | 18 
27th 635 14.3 58 413 « 63.5 27.6 
27th 863 19.1 64 5534 
27th 9 16.0 423 | 0.6 | 90.7 
F 27th 10 613.8 52 426 73.5 17.5 
28th 79 (14.9 52 440 19 10.1 86.2 3.7 
dD 28th 132 19.0 73 562 2 11.2 | 85.8 | 3.0 
28th 16.2 62 431 4 85.1 7 
28th (14.4 | 72 394 9 15.2 |'8.0 18 
Average 

Wks. 24+ 27§. 654 16.4 62.0 460 152 9.2 68.2 225 
“ 8 15.1 66.8 458 158 12.4 | 84.9 | 27 


* Computed on total excretion. 

t Average for 5 full days. 

t Average for five daily exposures to the experimental environment of 7.5 hours 
each. 

§ Hot humid environment. 

|| Comfortable environment. 


urine, though the difference in calcium intake in the two environments does 
not permit an unequivocal answer to this problem. 

The data summarized in Table VI are the only evidence available, in % 
far as the authors are aware, of the output of iron in human sweat. In the 
particular experimental weeks covered in Table VI, the iron intake was 


deliberately made excessive by the administration to the subjects of a daily _ 


supplement of ferric chloride containing 25 mg. of iron. The output of iros 
per hour averaged 1.29 mg. in the hot environment and 0.27 mg. in the 
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comfortable environment, both values exceeding the urinary output by 
many times. On a percentage basis of the total output, the values were, 
respectively, 37.2and 13.4. Although the amounts of iron excreted through 
the kidneys per day were generally less under sweating than under non- 


Taste V 
Paths of Excretion of Calcium under Different Experimental Environments 
. Hourly loss of Ca Loss of Ca* 
Net loss Daily 


in body 


perhe, imentary | skint yidneyst skint 

me. me me. mg. | percent percent per cent 
C | 32 77 | «744 «' 22 8.7 | 5.9 | 60.3 | 23.6 | 16.0 
D 32 135 1053 | 35 11.8 | 7.4 | 64.7 | 21.6 | 13.6 
32 7 737: | 29 7.5 | 5.0 | 69.8 | 18.1 | 12.0 
F 32 61-819 | | 2.9 | | 194 | 9.2 
on 33 602 97 «18.0 | 53.9 | 16.1 | 30.0 
33 s61 1476 | 49 22.2 | 60.3 | 12.5 27.2 
33 | 1000 8.3 | 23.8 | 53.6 | 12.0 | 34.4 
33 607 1066 | «4.8 | 12.5 | 66.4 | 9.3 | 24.3 
34 | 7 2% | 10.1 | 8.0 | 59.4 | 22.6 17.9 
D 34 | 9.6 | 59.0 | 17.9 
E 34 69 | 78 |27 | 8.5 | 6.1 | 65.2 | 20.3 | 14.6 
F 34 63 816 | 22 6.4 | 4.6 | 66.6 | 19.4 | 14.0 
| 3 | 710 | 981 | 27 | 10.7 | 17.5 | 48.8 | 19.4 | 31.8 
D- 35 934 1430 | 52 11.2 | 23.8 | 60.0 |12.8 27.2 
E 35 832 1071 | 42 9.8 | 27.2 | 53.3 | 12.4 34.3 
35 704. «1091 37 1.6 | 16.2 | 67.3 2.9 29.7 

Averages | | | | 

Wks. 33 770 1144 38.8 | 8.3 |20.2 | 58.0 12.2 299 
32 + 34). 90 856 (27.0 8.9 | 6.2 | 64.6 21.0 14.4 


* Computed on total excretion. 

t Averages for 5 full days. 

$ Averages for five daily exposures to the experimental environment of 7.5 hours 
each. 

§ Hot humid environment. 

| Comfortable environment. 


sweating conditions, the urinary iron is so small in amount under all condi- 
ae that this compensatory relationship, if real, is insignificant in magni- 
tude. 

Concentration of Nitrogen, Calcium, and Iron in Total Sweat Secreted end 
Effect of Level of Intake—By taking the net loss in body weight as a measure 
of total sweat loss and dividing it into the amounts of the elements removed 
from the body by washing, both measurements extending over a period of 
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7.5 hours for 5 days a week (except as indicated), it is possible to estimate 
the concentration of the elements in total body sweat, or total insensibje 


perspiration when sweating does not occur. The accuracy of this caleuly. . 


tion has been discussed above. It avoids the error inherent in the metho 
of taking undiluted, but possibly not unconcentrated, sweat from restricted 
areas of the body, due to the variable rates of secretion (36, 37) and variable 
sweat composition from different parts of the skin surface (38). Estimg. 


Tanie VI 
Paths of Excretion of Iron under Different Experimental Environments 


Hourly loss of iron Loss of iron* 


of iron Through Through Througt 


17 653 2.39 0.012 1.68 58.5 | 0.3 412 
D 17 879 76.0 | 0.023 1.93 (55.3 | 05 42 
E 17 909 68.32.12 0.022 1.72 | 0.6 
Cc 18 101 43.2 0.051 0.17 | 89.0 25 84 
D IS 0.088 0.29 83.1 | 20 150 
E 18 82 47.8 1.49 0.06 0.16 (8.7 38 94 
19 103 45.8 (1.55 0.025 0.53 (73.8 | 1.2 2.0 
D 19 132 52.5 1.9 | 0.031 0.32 S844 | 14 142 
E 19 | 73 46.2 1.53 | 0.039 | 89.5 | 23 82 
D 764 56.9 2.03 0.085 0.83 | 70.1 12 
798 49.8 1.36 | 0.025 0.99 | 57.2 | 1.1 | 418 
Averages | 

Wks.17 + 751 58.1 2.02 0.021 1.29 (62.0 07 37.2 

“ 184+ 19].. 1008 4.4 1 0.012 0.27 S44 2.2 134 


* Computed on total excretion. 
t Average for 5 full days. 
t Average for five daily exposures to the experimental environment of 7.5 houn 


each. 
§ Hot humid environment. 
! Comfortable environment. 


tions of sweat composition made in this way, in different environments ant 
for different intake levels of nitrogen, calcium, and iron, are summarize 
in Tables VII, VIII, and IX. 

The computations in Table VII reveal an increasing nitrogen content ¢ 


the sweat with an increase in nitrogen intake of about 100 per cent, judging — 


from the averages alone. This finding agrees with those of Cuthbertso 
and Guthrie (16). However, the average differences in the nitrogen cot 
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Taste VII 
Effect of Rate of Sire ating and Nitrogen Intake on Dermal Lose of Nitrogen and 
Nitrogen Concentration in Sweat 


_——s Dermal loss of N 


per he Per he. kilo of 

me. me. 
( 32 + 34 S2 11.06 17.7 216 
$2 4+ 34 146 16.24 22.7 15S 
bk 32 + 34 ry 11.47 11.0 153 
i 32 + 34 2 13.28 8.5 137 
( 33 + 35 701 11.02 194 277 
D 33 + 35 SOT 16.34 178 19S 
33 4 35 S24 11.05 167 203 
bt 33 + 35 655 13.26 151 231 
Average 32 + 34t | 13.01 15.0 165 
33 + 353 769 12.92 173 227 
Cc 25 + 28 a2 13.94 18.6 227 
D 25 + 28 12 17.62 20.4 158 
25 + 7 15.26 12.0 164 
F 25 + 2 53 13.47 7.2 136 
a+ 27 15.01 272 
a + 27 SOO 19.59 162 203 
F a + 27 424 14.35 115 271 
Average 25 + 2f “4 15.07 14.6 171 
a4 + 273 64 16.40 153 241 
Is 18.39 21.7 215 
D Is 156 24.46 23.6 151 
Is 20.29 12.8 156 
17 653 21.25 196 300 
D 7 S79 26.29 219 249 
17 22.47 226 249 
Average... _. ISt 113 21.05 19.4 174 
173 si4 23.34 214 206 


* Taking the net loss in body weight as a measure of sweat secretion or insensible 
perspiration. 

t Dry bulb 29°, wet bulb 22°, relative humidity 50 to 52 per cent. 

+ Dry bulb 38°, wet bulb 33°, relative humidity 68 per cent. 


lent of sweat were not great over this range of nitrogen intake, being from 
165 to 174 mg. per liter under comfortable conditions, and from 227 to 266 


4 
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mg. per liter under hot humid conditions. Furthermore, a consideration 
of the performance of individual subjects at the three levels of nitrogen 
intake detracts considerably from the evidence supporting a positive correla. } 
tion. The conclusion that no evidence approaching certainty has been 
secured for an effect of nitrogen intake on the nitrogen content of sweat, or 
VIII 
Effect of Rate of Sweating and Calcium Intake on Dermal Loss of Calcium and 
Calcium Concentration in Sweat 
. Dermal los of Ca 
| Experimental wks, take of Ca 
averaged = per day® Per kilo of 
Sweatt 
32 + 34 750 6.89 
32 + 146 1085 8.55 
32 + 34 757 5.58 7s 
32 + 34 N33 3.76 61 
33 4+ 35 701 17.8 25 
33 4+ 35 1453 23.0 26 
33 + 35 S24 25.6 3] 
F 33 4+ 35 655 1068 14.5 22 
Average 32 + 343 91 S56 6.20 70.5 
33 + 35§ 769 1144 2.2 26.0 
c 18 + 19 102 288s 4.61 45 -” 
D Is + 19 144 263 4.62 32 
Is + 19 77 2052 3.95 51 
17 + DW 577 2060 9.55 17 
D 17 + 3200 9.97 12 
k 17 + W S53 3142 10.40 12 
Average | IS + 193 108 2034 4.39 42.7 
17 + 3104 9.97 13.7 
* In Weeks 17 to 20, inclusive, the calcium intake was raised over the usual level, 
as in Weeks 32 to 35, inclusive, by the addition of milk (500 ml. per day) and of 1! 
gm. of calcium as dicalcium phosphate. | 
t Taking the net loss in body weight as a measure of sweat secretion or insensible | 
perspiration. 
t Dry bulb 29°, wet bulb 22°, relative humidity 50 to 52 per cent. *T; 
§ Dry bulb 38°, wet bulb 33°, relative humidity 68 to 69 per cent. perspit 


on the dermal loss of nitrogen, is in harmony with the findings of Berry (39). > 

The lower estimated concentration of nitrogen in the dermal secretions are avi 
under comfortable as compared to hot humid conditions is clear cut. It D1 
may mean either (a) that the nitrogen content of sweat is directly correlated - 
with the rate of sweat secretion, or (b) that the dermal loss of nitrogen under | 


| 


! 


Taste IX 


Effect of Rate of Sweating and Iron Intake on Dermal Loss of Iron and Iron Concen- 
tration in Sweat 


Intake of iron per day 


mc. 


No Fe supplement 


No 


— 


Fe supplement 


Dermal loss of iron 


er 
Per hr. kilo 
sweat* 

me. me. 
0.268 2.33 
0.209 1.55 
0.350 2.12 
0.199 1.64 
0.212 1.84 
0.117 0.87 
0.412 0.95 
0.402 2.10 
| 0.257 | 1.91 
0.286 1.44 
0.957 | 2.38 
1.203 | 2.25 
0.632 | 0.84 
0.880 | 1.38 
0.134 | 2.06 
0.170 1.98 
0.228 | 1.93 
0.178 | 2.23 
0.918 | 1.71 
0.178 | 2.05 
0.171 | 1.69 
0.290 | 1.86 
0.163 | 1.99 
0.528 | 5.13 
0.321 2.43 
0.141 1.93 
1.68 2.57 
1.92 2.18 
1.72 1.89 
0.563 1.12 
0.833 1.09 
0.998 1.25 


* Taking the net loss in body weight as a measure of sweat secretion or insensible 


Net 
Experimen- loss in 
Subject tal wks body 
average! weight 
per br 
om 
B 115 
9 135 
D 165 
121 
B 10 115 
135 
10 432 
Ww 183 
Average of 134 
216 
B 13 402 
C 13 534 
D 13 753 
13 636 
B 14 65 
C 14 S6 
D 14 
14 
Average | 13§ 581 
14, S7 
C 18. 101 
D 18) 156 
E 1s, 82 | 
C 103 | 
D 19° 132 
19 
C 17§ 653 
D 17§ S79 
17 909 
C 20§ SOL 
D 20§ 7 
20§ 798 
perspiration. 


t Dry bulb 32°, wet bulb 27°, relative humidity 66 per cent. 


$ Dry bulb 32.2°, wet bulb 31.7°, relative humidity 95 per cent. These values 


are averages of 2 instead of 5 days. 


§ Dry bulb 38.3°, wet bulb 32.8°, relative humidity 67 to 70 per cent. 


| Dry bulb 29.4°, wet bulb 21.7°, relative humidity 50 per cent. 


{ Including a supplement of 25 mg. of iron daily as FeCl. 
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comfortable conditions is largely brought about by the insensible perspirg. 
tion, which may be lower in nitrogen than sensible perspiration. Also, the 
net loss in body weight includes the loss of moisture from the respiratory 
tract, which would be nitrogen-free. This fraction of the net loss in body 
weight, while insignificant under conditions of profuse sweating, may 
amount to 30 per cent under non-sweating conditions (1). 

Similar data with reference to calcium are presented in Table VIII. Ip 
these experimental weeks, the hourly loss of calcium through the skin, as 
well as the estimated concentration of calcium in the sweat, was consider. 
ably higher on the low calcium than on the high calcium régime. This js 
an anomalous result, the explanation for which is not evident. In both 
series of weeks, the estimated calcium content of the “sweat’’ produced 
under fairly comfortable conditions is almost 3 times as great as the esti- 
mated calcium content of the sweat produced in a hot humid environment. 
This is contrasted with the analogous situation with reference to nitrogen 
(Table VII), and is unexpected on the basis of the reported absence of 
calcium from the insensible perspiration (4). The obvious interpretation 
of these results is that the concentration of calcium in sweat is inversely 
related to the rate of sweating. 

For 8 weeks of the experiment, the losses of iron through the skin were 
determined by analyzing the body washings. During Weeks 17 to 20, in- 
clusive, the three subjects then available were undergoing a metabolism 
study involving analysis of the food, feces, and urine. The iron intake was 
high because of a daily supplement of ferric chloride providing 25 mg. of 
this element. The subjects were on constant diet during Weeks 9, 10, 13, 
and 14, but the intake of iron was not measured, though presumably it was 
approximately half the intake of Weeks 17 to 20. From the values sum- 
marized in Table LX, it appears that the concentration of iron in sweat 
averages about 2 mg. per liter, with considerable variations on either side 
of this value. The evidence presented in Table IX does not establish any 
clear cut effect of the range in iron intake, or in environmental conditions, 
on the iron content of sweat. It does indicate, however, that the skin & 
an important path of excretion of iron, far more important than the kidneys 
(Table VI), even under environmental conditions inducing minima! activity 
of the sweat glands (Weeks 14, 18, and 19). 


DISCUSSION 


Under comfortable conditions, in which sweating is minimal, the subjects 
of these experiments excreted per hour through the skin an average of 15 
mg. of nitrogen, 6.2 mg. of calcium, and 0.27 mg. of iron. These values 
indicate the order of magnitude of the error incurred in balance experiments 
involving these elements by neglecting dermal losses. On the 24 hour basis 
these values become, respectively, 360, 149, and 6.5 mg.; the values for 
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ealeium and iron in particular represent considerable errors, compared with 
requirements. When general sweating is initiated in response to a thermal 
stimulus, these dermal losses were increased from 3.3 to 10 times under hot 
humid conditions, under which total sweating averages 700 to 800 gm. per 
hour. Evidently, satisfactorily accurate balance experiments with refer- 
ence to nitrogen, calcium, and iron cannot be carried out under sweating 
conditions, either emotional or thermogenic, unless dermal losses are meas- 
vred. A fairly satisfactory method of estimating these losses may possibly 
be based upon a determination of net loss in body weight and a determina- 
tion of the concentration of the element in a sample of hand sweat. John- 
ston, Conn, Louis, and Steele (40) claim that the daily concentrations of 
chloride and nitrogen in hand sweat represent reasonably accurately their 
concentrations in total body sweat. This work needs confirmation, and 
extension to calcium and iron. 

The capacity of the body to excrete iron is seriously restricted according 
to the newest theory of iron metabolism, which has been well stated by 
Johnston (41). In this theory it is claimed that excretion of iron through 
the kidney and the gut is almost insignificant compared with usual iron 
intakes. Hence, the body absorbs only as much iron as it needs and uses 
that amount over and over again, with little loss. This peculiar theory 
considers excretion possible only through the kidneys and the gut. The 
findings of these experiments that the skin and the sweat glands are impor- 
tant excretory organs for iron render unnecessary the assumption of physio- 
logical mechanisms of unknown nature (or doubtful efficacy) for limiting 
iron absorption and for getting rid of iron absorbed in excess of needs. The 
high content of iron in hair, 0.013 to 0.017 per cent, according to Bagchi 
and Ganguly (42) using carefully washed samples, represents another 
appreciable outlet of iron from the body. 

Whether or not the function of the skin and of the sweat glands in excret- 
ing nitrogen and minerals raises the body's requirements for these elements 
depends upon possible compensatory relationships between the losses 
through the skin and those through the kidneys and the alimentary tract. 
The experiments reported above offer no support for such relationships, but 
the conditions for detecting them were not ideal. If no such relationship 
exists for nitrogen, calcium, and iron, as it does for chloride, then dermal 
losses will increase bodily requirements in direct proportion to the losses 
themselves. The subject is of sufficient importance to warrant further 
study. 


SUMMARY 


1. The dermal losses of nitrogen, calcium, iron, magnesium, phosphorus, 
copper, and manganese were studied with six adult human subjects sub- 
jected to controlled environmental conditions. 


} 
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2. Human sweat contains small amounts of copper and manganese, aboyt 
6 y per 100 ml., moderate amounts of magnesium and phosphorus, 0.22%  ™ 
0.022 mg. per 100 ml., and relatively large amounts of iron, 1 to 2 mg. per. 6. 
liter, of nitrogen, 170 to 245 mg. per liter, and calcium, 20 to 70 mg. per 47, 
liter. 18. 

3. The concentration of calcium and magnesium in sweat decreases ys 9. 
sweating progresses, while that of nitrogen and phosphorus remains essep. 
tially unchanged. 

4. The concentration of nitrogen and iron in sweat has not been foundto —.. & 
be dependent on the intake of these elements; that of calcium was anoma. 
lously decreased on raising the intake of this nutrient from usual to excessive 2 
levels. 

5. Under conditions of profuse, as compared with minimal, sweating, the 
concentration of nitrogen in sweat increases, that of calcium decreases, and 


that of iron is unaffected. , BD 
6. The dermal losses of nitrogen, calcium, and iron under minimal sweat- © 
ing conditions, computed on the daily basis, averaged 360, 149, and 6.5 mg. - - 
respectively. Under profuse sweating conditions, these losses may increas —_)_B 
from three to ten times, depending on the element. ». W 
7. The skin and the sweat glands are important excretory organs for iron. - - 
The authors gratefully acknowledge the cooperation of the subjects d 
this experiment, particularly noteworthy because of the rigorous conditions gp 
that were frequently imposed: Messrs. Paul Blosser, Elmer Fricke, Henry = %. W 
Troyer, Duane Hougham, George Nachtigal, and Edward Miller. Dr &. 
Frank I. Nakamura, Howard Blosser, and Courtenay Anselm carried mos > ~ 
of the burden of the analytical work, which the authors greatly appreciate yy, 
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ANTIRACHITIC SULFONATION OF SOME STEROIDS* 


By LESTER YODER ano B. H. THOMAS 


(From the Animal Chemistry and Nutrition Subsection, lowa Agricultural 
Experiment Station, Ames) 


(Received for publication, July 29, 1948) 


A few sterols, some derivatives, and certain steroid materials have been 
transformed chemically, by heating with suitable reagents (1-4), to prod- 
ucts having antirachitic activity. This activating reaction' involves heat- 
ing an appropriate substrate in acetic acid solution with an efficient sulfo- 
nating reagent under anhydrous conditions for a number of hours. At the 
termination of the reaction time, the acetic acid is removed by vac- 
uum distillation. The antirachitic material is contained in the residue. 
Among the various sulfonating reagents tried in acetic acid solution, sul- 
furie acid-acetic anhydride or chlorosulfonie acid generally has produced 
residues having the greatest potencies when the substrate was either cho- 
lesterol or those derivatives of it which are unsaturated at carbon 5 and 
react positively to the Liebermann-Burchard blue to green color test (5). 
Since the appearance of the earlier reports referred to above, the procedure 
of antirachitie sulfonation has been variously modified and applied to some 
of the oxidized cholesterol derivatives in addition to cholesterol and to cer- 
tain steroid-containing materials. This communication presents the re- 
sults of some of these studies. 


EXPERIMENTAL 


Antirachitic Sulfonation of Various Sterols—The general procedure of 
antirachitic sulfonation has been applied with varying degrees of effective- 
hess to various sterols. Some of the results are presented in Table I. 
Here it will be seen that the antirachitie potency’ of the sulfonated end- 
product depends in part on the nature of the steroid substrate as previously 
reported (4). Antirachitic sulfonation of isocholesterol produced a residue 
containing no antirachitie activity (Experiment 34). This isocholesterol 
was separated from the unsaponifiable fraction of wool fat by the method 
of Doree and Garratt (8) and thus was composed entirely of lanosterol and a 


X ; Paper No. J-1570 of the Iowa Agricultural Experiment Station, Project 

' This reaction will be referred to as “‘antirachitic sulfonation’’ and the anti- 
rachitic products formed by the reaction as ‘‘chemosterol D.”’ 

: * The biological tests were conducted in accordance with the line test procedure of 
U.8. P . XI (6) with exceptions as to numbers of rats indicated in the tables and their 
grouping. 
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small percentage of agnosterol. Windaus and Tschesche (9) separate 
isocholesterol of wool fat into 92 per cent lanosterol and 8 per cent agnos. 
terol. The negative results given by sulfonated isocholesterol had beep 
anticipated, since lanosterol does not give the Liebermann-Burchard color 
reaction of the steroids unsaturated at carbon 5, and in view of later reports 
(10-12) neither lanosterol nor agnosterol can be considered true sterols, 

Earlier tests (1) indicated that, when cholesterol was dehydrated ty 
cholesterilene, the latter produced a more potent antirachitic when «). 
fonated. Therefore, pure lanosterol, 3 gm., prepared by the Doree and 
Garratt (8S) procedure, was dehydrated by first heating in an oil bath to 
200° and then for 10 minutes with 0.5 gm. of powdered fused zine chloride 
This caused an evolution of gas. The reaction product was extracted with 
petroleum ether, filtered free from zinc chloride, and the solvent removed by 
evaporation at 100°, 1 gm. of the oily residue was sulfonated exactly 
as lanosterol had been in Experiment 105 and tested subsequently for 
antirachitice activity (Experiment 106). Again no antirachitic was pro- 
duced. Therefore, it appears that cholesterol is the only known sterol in 
wool fat which can be antirachitically sulfonated. 

Sulfonated sperm oil sterol, Difco? (13), also yielded products having 
no antirachitic activity, even when fed at comparatively large levels of 
intake. Furthermore, sulfonated ergosterol, stigmasterol, and §-sitostero! 
(4) vielded products having relatively little antirachitie potency. On 
the other hand, when the same activating procedure was applied to the 
mixed sitosterols of corn germ sterol, Difco, an active residue with much 
higher potency was obtained. 

Steps also were taken to determine what modification in procedure 
might be effective in increasing the antirachitic potency of chemosterol 
D derived from various grades of cholesterol, its acetate, chloride, and 
hydrochloride. Many variations in the proportion of the sulfonating 
reagents and conditions of operation were tried. The results of some ol 
these also are reported in Table I (Experiments 91, 305, 309, 310, 319, 
and 385). These tests demonstrate that either pure or crude cholesterol 
preparations may be used as the substrate, and that the composition of 
the reacting mixture may vary considerably without affecting appreciably 
the antirachitic potency of the sulfonated end-product. Also, the effect 
of successive treatments of substrate with the same sulfonating reagents 
was tried (Experiment 79). In this instance, the successive reheating 
of 1.93 gm. of cholesterol with two fresh portions of the sulfuric acid 
acetic anhydride mixture gave a residue which appeared to have a greater 


potency than the same amount of cholesterol treated only once with the 


+4 commercial preparation kindly supplied by the Difeo Laboratories, Inc, | 


Detroit, Michigan. 
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same sulfonating mixture. Also interesting is the observation that the 
presence of hydrogen chloride in the cholesterol addition product did 
not prevent antirachitic sulfonation (Experiment 339); nor did substi- 
tution of chlorine for the 3-hydroxyl group of cholesterol in the cholesteryl 
chloride (Experiment 510) reduce appreciably the antirachitic potency 
usually produced from similar quantities of cholesterol. 

Exploratory tests (Experiments 309, 310, 319, 337, and 385) had indi- 
eated that sulfonation at higher temperatures than employed originally 
might favor the production of residues having greater potencies. Sub- 
sequently, experiments were undertaken to determine whether sulfona- 
tion of cholesterol at higher temperatures and longer periods of heating 
would produce chemosterol D having greater biological activity. The 
results obtained are summarized in Table II. Here, the general sulfon- 


Taste Il 


Effect of Length of Time and Temperature of Reaction on Antirachitic Sulfonation 
of Cholesterol 
Experiment No. Reaction time Temperature | ef 

hes mg. 
365 0.5 | 97 | 4.50 
369 3 | 97 | 0.85 
370 8 97 | 0.89 
371 16 97 | 0.68 
372 24 97 0.69 
73 3 75 1.33 
374 3 117 0.35 
375 16 75 0.47 
76 16 117 0.30 


ation procedure involved the gradual addition of 11 ml. of sulfurie acid 
(specific gravity 1.84) to an agitated suspension of 40 gm. of cholesterol 
in 400 ml. of 99.5 per cent acetic acid and 40 ml. of acetic anhydride. 
At the end of each heating period, the acetic acid was removed by dis- 
tilling in partial vacuum from a boiling water bath. Biological tests of 
the distillation residues indicate that, when the heating period was limited 
to 3 hours, greater antirachitic activity was obtained by carrying out 
the reaction at 117°, the temperature of boiling acetic acid, rather than 
at 75°. Furthermore, extending the reaction time to 16 hours at either 
of these temperatures failed to increase appreciably the antirachitic 
potency of the residue. 

Antirachitic Sulfonation of Oxidized Cholesterol Derivatives—Anti- 
rachitic sulfonation of sterols requires, in addition to other reagents, the 


| 

ted 

Os- 

lor 

ris 
ind 

de 

ith 
‘tly 

‘ing 

On 

the 
uch 
jure 

and 
ing 

» of 
31Y, 

ero 

ol 

bly 

nts 
ting 

cid- 

ater 
the 

Inc. 


368 ANTIRACHITIC SULFONATION OF STEROIDS 


use of sulfuric acid or its derivative chlorosulfonic acid (14). The an. 
hydrous acid apparently oxidizes the organic substrate with the libera- 
tion of sulfur dioxide (3). Since antirachitic sulfonation is potentially 
an oxidizing reaction, several oxidized cholesterol derivatives were pre- 
pared and sulfonated. The results are presented in Table III. The 
prepared oxidized derivatives of cholesterol listed here were heated 14 
hours in an acetic acid solution to which had been added minimum 
amounts of acetic anhydride and sulfuric acid, or chlorosulfonic acid. 
These acids were added in the amounts indicated with stirring at room 
temperature and then heated. At the termination of the period of heat- 
ing the acetic acid was distilled at 55° in a partial vacuum. Then the 
residue was dissolved in a mixture of ethylene chloride and methanol, 
brought to volume, and subsequently tested biologically for antirachitic 
activity. 

These oxidized steroids may be considered derivatives of cholestane- 
3,5,6-triol described by Pickard and Yates (15). They were prepared 
according to the methods of Rosenheim, Petrow, and Starling (16, 18, 
19, 21). Westphalen (17) first made a diol derivative while attempting 
to acetylate the 5-OH group of cholestane-3 ,5,6-triol. Later, Rosen- 
heim, Petrow, and Starling identified Westphalen’s diol as 5-methyl- 
A®: *-norcholestene-3 ,6-diol and made it directly from cholesteryl acetate 
with heated solutions of selenium dioxide and identified a series of inter- 
convertible isomers. All of these derivatives except 3 ,6-diacetoxy-- 
methyl-A*: *-norcholestene and form B, ex- 
hibited the typical Liebermann-Burchard blue and violet to green color 
transformations on addition of the sulfonating reagent. 

The 5-methyl-A’*: *-norcholestene-3 ,6-diol was made by acetylation of 
cholestane-3 ,5 ,6-triol (Experiment 411) and treatment of the 3,6-di- 
acetoxycholestane-5-ol in acetic anhydride with concentrated sulfuric 
acid at room temperature. The dehydration and isomerization were 
accompanied by a transient deep blue color typical of that produced by 
the Liebermann-Burchard test. Subsequently, upon sulfonating the 
colorless crystals of the norcholestenediol diacetate derivative, a change 
of color progressing from pink to red accompanied the reaction. Al- 
though this derivative responded negatively to the Liebermann-Burchard 
test, it became strongly antirachitic on sulfonation. Therefore, use of 
this color test as a means of identifying steroids which can be antirachiti- 
cally sulfonated would appear to be valid only if applied to the mother 
substance. The diones cannot be transformed to antirachitic products 
on sulfonation in this manner (Experiment 507). Neither of the two 
unsulfonated derivatives (Experiments 478 and 508) produced healing 
in rachitic rats at the levels tested. Neither can cholestenone be anti- 
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Taste III 


Antirachitic Sulfonation of Oxidized Derivatives of Cholesterol 


| 


369 


Antirachitic activity as 
indicated by he 


y healing 


response of rachitic rats 


| gm. | 


Reagents and amount used 
Ex- Steroid material 
| 
411 Cholestane-3,5-, 0.2 H:SO, 0.06 40.2 117 3) 5 
6-triol (15) | | 
477 | 3,6-Diacetoxy- 0.73  (HSO,C] 0.1 2.5)f 0.14117 4) 0.5 
norcholestene | | | | 4] 80 
(16) (17) | | 
478 | | >| | 
484 | cis-A*-Choles- 0.8 | (HSO,Cl 0.132.5) 0.171178 5 
tene-3,4-diol) | +12! 8 | 50 
(18) 8 146 
495 16 “ 0.6/2.5) 0.4 1 
| +27 4| 3 
| 4] 6 
8 | 50 
| | | 8 146 
(1.6 “ 0.5 2.5) 0.4 117) 4 | 50t 
+27, 4 146} 
505 “ 0.5 2.5) 0.4117, 5 
| +27 4 | 50 
| 4/146 
51] .262.5) 0.2} 90,4] 5 
+12 4 | 50 
4/146 
512 16 “ 0.262.5) 04/90 4] 5 
| +27 4 | 50 
| 4 146 
500 0.8 | HSO.C] 0.4) 150.2 117 4) 5 
| | | 4° 
| | | 4 146 | 
499 | Cholesterol 0.77, 0.4; 150.2 117 4| 4.8 
| | | 
| 41140 
4% | 3,6-Diacetoxy- 0.96 (HSO,Cl 0.132.5) 0.2 117 4| 5 
A‘-cholestene | +12 | 
(19) | | |4 


2 1.3 


S 


. 
Aver- Average 
age line test 
gain re- 
or loss sponse,° 
in plus 
weight values 
| 
—7| 4.8 
5.0 
0.0 
—3| 2.3 
4) 5.0 
—4 5.0 
| 13} 5.0 
0 5.0 
6 1.7 
5.0 
f —8 5.0 
- 2.0 
4.0 
-14 5.0 
5 1.5 
4.0 
—6 5.0 
0 1.8 
—6 3.9 
—9 65.0 
0 2.6 
—10 3.6 
1.9 
3.7 
—22 5.0 
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Tasie Il I—Concluded 


Reagents and amount used by 
response of rachitic rats 
peri- Steroid hic [Amount 

No.) used 2 ase rot the 
Kind acon aco & ster: | 

fed | im | plus 

“\per ratiweight) values 
cm. ml. ml. | mg. | gm, 

497 | 3,4-Diacetoxy- 0.96 | (HSO,CI 132.5) 7 4) 5 2.5 
- cholestene +12 4150 —6) 4.2 

(18) | 41146 | —12) 5.0 

412 | a-A*-Cholestene | 0.2 | H,SO, 510.2 1117 3) 5 0} 1.9 
oxide (20) 3) —3! 3.6 

507 A*’-Cholestene-3,- 0.8 | HSO,Cl 26 150.2 4) 5 5, 0.0 
4-dione, form | 2) 0.0 

B (21) | | 145 1.6 

508 “ 0 4/125 13; 0.0 


* Negative control tests were conducted routinely for all experiments. No rats 
showed healing. Complete healing is indicated by 5.0 (6). 

t The items included in the parentheses indicate that the reagents were combined 
as indicated prior to addition to the substrate in the acetic acid. 

t Added to stock colony ration instead of rachitogenic ration, No. 2965 (6). 

§ Duration of reaction, 5 hours in Experiment 505; in all others, 14 hours. 

|| Aerated during sulfonation. 

© All rats died. 


rachitically sulfonated ((1), p. 74), by this procedure. It is probable that 
oxidation to the ketone stage prevents antirachitic sulfonation of cho- 
lestérol derivatives. 

The effect of varying the amount of sulfonating acid on the quantity 
of antirachitic activity produced from equal amounts of cis-A*-choles- 
tene-3 ,4-diol was studied. These results are reported in Table III (Ex- 
periments 484, 495, 500, and 505). They show that use of sulfonating 
acid in proportions ranging from 1 to 3 mole equivalents was without 
much effect in improving the resultant potencies. 

In the case of the 3,4-diol derivatives, an increase in the sulfonating 
temperature above 90° for 14 hours (Experiments 505, 511, and 512) and 
time exceeding 5 hours at 117° (Experiments 495 and 505) appeared to 
produce similar antirachitic activity. 

Eck and Thomas have reported (2) that the cholesterol derivative, 
cholestene-5, can be converted to an antirachitic product by the sulfuric 
acid-acetic anhydride sulfonating reagent. The oxidized derivative, 
a-A‘-cholestene oxide, produced by the oxidation of cholestene-5 with 
perbenzoic acid and subsequent dehydration (20), also yielded an anti- 
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rachitic sulfonated residue having the usual potency (Experiment 412) 
following treatment with the same reagent as had been used in the earlier 
work to activate cholestene-5. 

Antirachitic Activity and Growth Retardation—-Examination of the 
changes in live weight of the rats during the test periods indicates that 
the amount of weight lost was correlated with the quantity of sulfonated 
product fed. Invariably the greatest losses in live weight occurred in 
those groups to which the largest amounts of sulfonated product were 
fed. These were at a maximum in the case of sulfonated 3 ,6-diacetoxy- 
5-methyl-A*: *-norcholestene (Experiment 477), 3,6-diacetoxy-A*cho- 
lestene (Experiment 497), and cholesterol (Experiment 499), and at a 
minimum in the sulfonated 3,4-diols. The relationship of isomeriza- 
tion in antirachitic sulfonation to both antirachitic potency and extent 
of growth retardation is suggested by the results of Experiments 477, 
496, and 497. The 3,4 isomer was definitely less deleterious than the 
3.6. The synthesis of the 3,6-diol differs mainly from that of the 3,4- 
diol in that the oxidation with selenium dioxide in acetic acid was carried 
out at 117° instead of 90°. This suggested that possibly in the analo- 
gous reaction with chlorosulfonic acid in antirachitic sulfonation a similar 
deleterious isomerization might occur. However, when the 3,4-diol 
was sulfonated at the lower temperature (Experiments 511 and 512), 
no less loss in weight was apparent. 


SUMMARY 


A study was made of various modifications of the procedure for anti- 
rachitic sulfonation. The modifications involved principally variations 
in the quantity of reagents used and time and temperature of the reac- 
tion. Relatively wide variations of conditions often led to insignificant 
changes in potency. Time and temperature were mutually compensating. 

Without exception, hydroxysteroids, unlike a ketosteroid tested, could 
be antirachitically sulfonated. A Liebermann-Burchard positive steroid 
and its Liebermann-Burchard negative derivative were both antirachiti- 
cally sulfonated. 

The growth of rachitic rats fed rations fortified with chemosterol D 
as it is produced by present methods appears to be negatively correlated 
with the amount included in the ration. 
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ON THE REQUIREMENT FOR DIPHOSPHOPYRIDINE NUCLEO- 
TIDE IN THE AEROBIC METABOLISM OF PYRUVATE 
BY BRAIN TISSUE 


Br JOSEPH LARNER,* BERNARD J. JANDORF, ann WILLIAM H. 
SUMMERSON 


(Prom the Biochemistry Section, Medical Diviston, Army Chemical Center, Maryland) 
(Received for publication, October 16, 1948) 


There appears to be general agreement that at least the following co- 
factors are necessary for the restoration of normal aerobic pyruvate utili- 
zation in brain suspensions after dialysis: (a) inorganic phosphate, (b) mag- 
nesium ions, (c) adenylic acid or adenosine triphosphate (ATP), and (d) 
a Cy-dicarboxylic acid. The participation of diphosphopyridine nucleotide 
(DPN) as an additional cofactor, however, has not as yet been unequivo- 
cally demonstrated. Thus Banga et al. (1), using dialyzed rabbit and 
pigeon brain dispersions, found that adenylie acid could be replaced by 
DPN under some conditions but not consistently. Green et al. (2), work- 
ing with washed suspensions of kidney, liver, brain, and other organs, con- 
cluded that DPN was not a necessary cofactor in the oxidation of pyruvate 
by such preparations. Reiner (3), using a “complete system,” containing 
all known cofactors and DPN as well, has presented manometric data on 
the utilization of pyruvate by rat brain homogenates which raise the ques- 
tion of whether or not pyruvate is utilized at all under these conditions. 

In our own studies on the cofactors concerned with pyruvate metabolism 
in brain dispersions, we likewise obtained inconsistent results when the re- 
quirement for DPN was investigated. Further study, the results of which 
are presented here, indicates that DPN is in fact a necessary component in 
the aerubic metabolism of pyruvate by brain, and that past difficulties in 
demonstrating this fact have probably been due to lack of control of the 
inherent DPNase activity of brain tissue. 


Methods 


Adult Carworth Farms mice, without regard to sex, were used through- 
out this study. The animals were fasted for 18 hours prior to use and 
killed by crushing the neck with a foreeps. The brain was excised down to 
but exclusive of the cerebellum, rinsed in distilled water, drained on filter 
paper, weighed on a torsion balance, and transferred to a glass homogenizer 
of the Potter-Elvehjem type (4) which had previously been chilled in an 


* Present address, Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana, [linois. 
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ice water jacket. To the brain material, 4 volumes of ice-cold distilled 
water, or other appropriate solutions as described below, were added and 
the whole was homogenized, with the homogenizer tube kept in the ice 
water jacket during this process. About 15 minutes ordinarily elapsed 
between brain removal and the end of homogenization. 

Aliquots (0.3 ml.) of the homogenates were transferred to the side arm 
of 17 ml. conical Warburg vessels previously charged in the main compart. 
ment with the following solutions: Ko pyruvate, 0.25 mM, 0.6 ml; DPN. 
0.015 0.2 ml.; ATP (as salt), 0.0137 0.2 ml; cytochrome ¢, 0.00) 
0.35 ml.; K fumarate, 0.024 0.2 ml.; nicotinamide, 0.60 m, 0.2 
MgCh, 0.12 mu, 0.2 buffer, pH 7.4, 0.40 0.3 mi. 
HO, 0.45 ml. 

This is substantially identical with Reiner’s “complete system” (3), in 
so far as cofactors are concerned, but with hexose diphosphate omitted. 
Kach vessel contained 0.2 ml. of 20 per cent NaOll in the center well to 
absorb COs. 

The vessels with attached manometers were transferred as quickly as 
possible to the constant temperature bath at 38°. This usually required 
about 10 minutes after homogenization. The vessels were shaken with 
air as the gas phase’ for 10 minutes; a zero time reading was taken, the 
homogenates were wided to the contents of the main vessel, and incubation 
was continued for a further 30 minute period. Readings of O, consump- 
tion were taken at 10 minute intervals. At the end of the incubation 
period, trichloroacetic acid to yield a final concentration of 5 per cent was 
ndded to each vessel. The vessel contents were removed quantitatively, 
adjusted to a known volume, and filtered through No. 42 Whatman filter 
paper. Aliquots of the filtrates were used for pyruvic acid analysis. In 
zero time controls, trichloroacetic acid was added to the vessel contents 
before the addition of the brain homogenate. 

In the determination of dry weight, aliquot samples of each homogenate 
were removed immediately after preparation, dried at 105° for 24 hours, 
and weighed. When homogenates of different degrees of dispersion were 
prepared from the same tissue material, samples for dry weight determi 
nation were removed at every stage and at a time coinciding as closely a 
possible with the addition of such aliquots to the Warburg vessels. 

Potassium pyruvate was prepared and recrystallized by an unpublished 
method.? The recrystallized material was found to be 98 per cent pure by 
alkali titration and by iodometric titration (7). Adenosine triphosphate was 


' In confirmation of the findings of Mann and Quastel (5) and Dickens (6) it has 
been found that both oxygen consumption and pyruvate disappearance are depressed 
in this system if oxygen is substituted for air in the gas phase. 

* Kondritzer, A. A., personal communication. 
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from rabbit muscle as the barium salt by the method of LePage 
(8), and converted into a solution of its potassium salt. The concentration 
of ATP was established by determining the amount of inorganic phosphate 
formed on heating with x HCl in a boiling water bath for 15 minutes. In- 
organic phosphate was determined by the method of Fiske and 
Subbarow (9). 

Diphosphopyridine nucleotide wasa commercial product (Schwarz Labo- 
ratories, Inc.), approximately 33 per cent pure; the degree of purity was 
determined by the increase in absorption at 340 my after reduction with 
dithionite according to LePage (10). ‘To test for the presence of triphos- 
phopyridine nucleotide (TPN) the TPN-linked malic decarboxylase system 
of Ochoa (11) was used" No TPN activity could be detected when 6 mg. 
of our DPN preparation, equivalent to 2 mg. of DPN, were used. Since 
by the method in our hands a minimum of 19 y of TPN could be detected, 
the TPN content of our preparation was less than 0.3 per cent. All so- 
lutions of DPN were adjusted to approximately pH 7.5 immediately before 
use. 

Cytochrome c was prepared from beef heart by the method of Keilin and 
Hartree (12) and dialyzed against H,O. The concentration of the so- 
lution so obtained was determined spectrophotometrically by the method 
of Drabkin (13). Fumarie acid was used in the form of the potassium 
salt. 

Pyruvie acid was determined colorimetrically by reaction with 2,4- 
dinitrophenylhydrazine by a modification of the method described by 
Penrose and Quastel (14). It was not necessary to use the extraction 
procedure recommended by Friedemann and Haugen (15), since repeated 
control experiments showed consistently low values for the presence of 
substances other than pyruvic acid which reacted with dinitrophenylhy- 
drazine; moreover, the concentration of such substances was the same at 
the beginning and end of the experimental period. DPN assays were 
carried out on heat-inactivated aliquots of experimental mixtures by the 
method of Jandorf et al. (16). 


Results 


In preliminary experiments, the oxygen consumption of mouse brain 
suspensions was studied with glucose (0.028 mM) as substrate, and with the 
various cofactors described by Reiner (3), including hexose diphosphate 
(0.005 wm). With this system Qo, values similar to those given by Reiner 
for rat brain were found. When glucose was replaced by 0.01 mM pyruvate 
as substrate, an oxygen consumption of more than twice that found in 


*We are indebted to Dr. S. Ochoa for a sample of purified TPN. 
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the absence of any added substrate, as well as disappearance of pyruvic | 
acid, was observed. The ratio (moles of oxygen consumed in the pres 
ence of pyruvate) to (moles of pyruvate disappearing) was approximately 
1.1, in the same range though slightly lower than that found by Peters 
and his coworkers (1, 17, 18). When Qo, values were calculated from 
the period of linear oxygen consumption (usually the first 20 minutes of 
the experimental period), values of —15 to —25 were obtained. 

Our first experiments concerning the necessity for the various cofactors 
in the “complete system" demonstrated a consistent decrease in both 
oxygen consumption and pyruvate disappearance when cytochrome ¢. 
Mg**, ATP, or fumarate was omitted (Table I). When DPN and nico. 
tinamide were omitted, however, inconsistent results were obtained: little 


Taste I 
Effect of Various Cofactors on Pyruvate Disappearance in Mouse Brain 
Homogenates 
~Qo, = microliters of oxygen consumed per hour per mg. of dry weight of 
tissue. System as described in the text with appropriate omissions. 


Experiment |! Experiment 2 


Components of system 
ruvate disa Pyruvate disap- 
0, pearance pearance 
per hr. per mg per Ar. per mg. 
dry weight dry weighs 


Complete...... 24 
Less pyruvate. . 8 
“ DPN and nicotinamide 16 
cytochrome c... 
i 6 

13 

3 


magnesium. . 
fumarate... . 


S 


or no depresssion in Qo, and pyruvate disappearance in some cases, marked 
depression in others (compare Experiments | and 2, Table I). 
Investigation of these variations revealed that the need for the addition 
of DPN and nicotinamide could be correlated with the method of pre 
paring the homogenates. Those prepared in a loosely fitting homogenizer 
tube showed little or no differences in O, consumption and pyruvate dis- 
appearance in the presence or absence of DPN and nicotinamide. When 
the tissue was homogenized for the same length of time and at the same 
rate of rotation of the pestle in a tight fitting tube,‘ it was invariably nee- 
essary to add DPN and nicotinamide to the system to restore its ability 


‘For the sake of brevity such homogenates will be referred to as ‘‘coarse” and 
homogenates, respectively. 
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to metabolize pyruvate. No significant difference in temperature of homo- 
genates prepared by either means, at the end of the period of homogeni- 
zation, was discovered. Histological examination of stained smears of 
both coarse and fine homogenates revealed many clumps of intact nerve 
cells in the former, with an occasional free nucleus, and but few intact cells 
and free nuclei in the latter. 

In subsequent experiments it was found possible consistently to pre- 
pare coarse homogenates for which the presence or absence of added DPN 
had no effect on either oxygen consumption or pyruvate utilization, and 
fine homogenates which required added DPN. A series of such experi- 
ments is shown in Table II, where the effects of DPN and nicotinamide on 
coarse and fine homogenates are compared. The results demonstrate that 
when mouse brain is homogenized for 1 to 10 minutes in a loosely fitting 


TABLE II 


Effet of Duration of Homogenization on Requirement of DPN and Nicotinamide 
Addition to Coarse and Fine Brain Homogenates 


Preparation of homogenates and components of system as described in the text 


Coarse homogenate Fine homogenate 
Complete system Less i. . nico- Complete system Less nico- 

is- vate dis- P ate dis- _ 

hr. per he. | Ar. hr. 

1; 2 51 20 46 l 21 | WD ll 33 
2 56 20 6 06 13 27 
6| 2 66 21 56 6 18 55 13 29 
52 20 42 10 54 12 25 


homogenizer both the oxygen consumption and pyruvate disappearance 
are unaffected by omission of DPN and nicotinamide. Fine homogenates, 
on the other hand, show a marked depression in both these activities in 
the absence of added DPN and nicotinamide; normal activities are re- 
stored on addition of these substances. In the complete system the extent 
of homogenization affects neither oxygen consumption nor pyruvate dis- 
appearance. It may be noted that omission of Mg ions and cytochrome 
cappears to have the opposite effect; 7.e., a more marked depression of 
both metabolic activities in coarse than in fine homogenates. This phe- 
homenon was not studied further. 

These results with coarse and fine homogenates may be explained by 
assuming that thorough disintegration of brain tissue releases the intra- 
cellular enzyme, DPNase, or activates it in some way, and thus promotes 
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the decomposition of endogenous DPN; in less thoroughly ground mg. 
terial, on the other hand, DPN is somehow unavailable to the cell DPNase. 
and remains intact to such an extent as to sustain normal respiration and 
pyruvate catabolism. 

Work by Mann and Quastel (19), Handler and Klein (20), and other 
has shown that DPNase is inhibited in the presence of concentrations of 
nicotinamide of the order of 0.01 Mm. This finding has already been utilized 
in the preceding experiments, in which nicotinamide had been added to 
fine homogenates together with DPN to prevent further breakdown of the 
added DPN. If our hypothesis concerning the differences between coarse 
and fine homogenates were correct, fine homogenates prepared in the pres. 


Taste III 
Effect of Homogenization in Nicotinamide Solutions on Necessity of DPN 
Addition to Fine Brain Homogenates 
All homogenates were prepared by grinding 1 part of brain with 4 parts of nico. 
tinamide solution for 6 minutes in a tightly fitting homogenizer. 


Complete system DPN and nicotinamide omitted 
~ Pyruvate disappearance Pyruvate disappearance 
em. per 100 ml. solution y per hr. per mg. dry weight y per br. per mg. dry weigh 

0.5 21 45 10 12 
0.7 l2 32 
1.4 24 52 Is 44 
2.7 24 7 a4 42 
4.1 15 52 15 51 


* The concentrations of nicotinamide are those of the solutions used for homog.- 
enization; the final concentration of nicotinamide after addition of homogenate to 
the rest of the system is one-tenth of the above concentrations. 


ence of sufficient nicotinamide should show normal pyruvate metabolism 
unaffected by further addition of DPN. Table III presents evidence te 
substantiate this prediction. In these experiments various samples o 
brain tissue were homogenized for 6 minutes in a tightly fitting homo- 
genizer with 4 volumes of an ice-cold solution of nicotinamide instead of 
water. It may be seen from Table III that a concentration of 0.5 per 
cent nicotinamide during homogenization is not sufficient to obviate the 
necessity of adding further DPN for full restoration of pyruvate metab- 
olism. Concentrations above 1 per cent of nicotinamide, however, yield 
homogenates with normal oxygen consumption and pyruvate utilization 
the presence or absence of added DPN. When the nicotinamide concen- 
tration was raised to 4 per cent or above, an inhibition of oxygen consump- 
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tion with or without added DPN was found, while pyruvate utilization 
was unimpaired and independent of the addition of DPN. The nature of 
this inhibition, which has previously been noted by Mann and Quastel 
(19), has so far not been elucidated; it has been noted, however, that it 
cannot be reversed by the addition of excess DPN. 

The above experiments provide indirect support for the theory that fine 
homogenates have a higher DPNase activity than coarse homogenates. 
More direct evidence is provided by following the rate of decomposition 
of endogenous DPN in coarse and fine homogenates, as shown in Table IV. 
In these experiments, coarse and fine homogenates were incubated for 
various lengths of time at 38°, then heated in a boiling water bath for 15 
minutes, and centrifuged. Each supernatant was decanted, the precipi- 
tate washed with 0.5 to 1 ml. of water, recentrifuged, and the washings 
and supernatant combined. This solution was then used for the direct 
determination of DPN by the method of Jandorf et al. (16). Control ex- 


Tasie IV 


DPN Content of Coarse and Fine Mouse Brain Homogenates after Incubation 
at 388° for Various Lengths of Time 


DPN content of homogenate 
Coarse Fine 
min, per om. dry weight per gem. dry weight 
0 670°) 620 
10 531 370 
472 250 


periments demonstrated maximal and uniform extraction of DPN by this 
means. It is apparent from the results given in Table IV that the DPN 
content of a fine homogenate decreases at a much greater rate upon in- 
cubation at 38° than is the case with a coarse homogenate prepared from 
the same tissue material. This is further evidence of an increased DPNase 
activity in fine homogenates over that present in coarse homogenates. 
Furthermore, it has been consistently noted that in fine homogenates the 
decrease in DPN content on incubation is roughly parallel to the decrease 
in oxygen consumption. 


DISCUSSION 


The experiments presented in this paper demonstrate that pyruvate is 
metabolized in our mouse brain preparations, as evidenced by disappear- 
ance of this substrate from the system. No attempt has been made to 
determine the fate of the pyruvate thus metabolized; it seems unlikely 
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that all of it is oxidized to CO, and H.0, since such metabolism would rr. 


quire a value of 2.5 for the molar ratio of O, consumed to pyruvate me. 
tabolized, in contrast to our observed ratio of approximately 1.1; this js 
in agreement with Long's (18) findings that in pigeon brain about two. 
thirds of the metabolized pyruvate is completely burned, the remainder 
being accounted for as acetate and lactate. 

In addition, these experiments demonstrate clearly that evidence as to 
substrate utilization must be based primarily on direct chemical determi. 
nation rather than on the indirect evidence of oxygen consumption. Thus, 
high concentrations of nicotinamide were found to depress appreciably the 
uptake of oxygen by our system without any marked effect on the pyruvate 
disappearance. 

The involvement of DPN in the metabolism of pyruvic acid here studied 
has been demonstrated by various means. First, in suitable mouse brain 
preparations, it has consistently been possible to show that in the absence 
of added DPN both oxygen consumption and pyruvate utilization are sig- 
nificantly impaired. Secondly, both of these metabolic activites can be re- 
stored to original levels by the addition of an active DPN preparation. 
Lastly, both oxygen consumption and pyruvate disappearance can be 
maintained at normal levels by preparing brain homogenates in the pres- 
ence of nicotinamide in concentrations which have been shown to prevent 
the breakdown of DPN (19). 

The question arises as to whether the restorative activity of our DPN 
preparations is indeed due to DPN itself rather than to an accompanying 
factor. The substances likely to be present in such a DPN concentrate, 
prepared by the method of Williamson and Green (21), are adenylic acid 
and its phosphorylated derivatives, and TPN. The first group of sub- 
stances can be excluded, since concentrations of ATP, more than 3 times 
the equivalent of the amount of DPN necessary to restore full activity, 
were completely inactive. TPN may be excluded since (a) it comprised 
at most 0.3 per cent of the DPN preparation used (a value within the limit 
of detection of the malic decarboxylase test system), and (6) an amount 
of purified TPN, equivalent to an amount of DPN necessary to restore 
almost complete activity to a brain homogenate, was likewise inactive in 
this respect. 

The results reported here for mouse brain are in contrast to the findings 
of Green et al. (2) pertaining to pyruvate metabolism by the washed in- 
soluble particles of various mammalian tissues. According to these authors 
pyruvate is oxidized completely without the addition of any pyridine 
nucleotides, the only cofactors necessary being Mg**, adenylic acid, and 
a Cy-dicarboxylic acid. We are unable to reconcile these divergent results; 
they may be due to differences in the methods of tissue preparation. 
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Indeed this study shows that seemingly small variations in the tech- 
nique of preparing homogenates may have a profound effect on the met- 
abolic requirements and activities of the resulting preparations. Such 
differences between coarsely and finely ground tissue dispersions as have 
been reported by Stadie et al. (22) for the effect of insulin on pyruvate 
metabolism in muscle, by Gibson and Long (23) for pyruvate metabolism 
in the heart, and by Novikoff et al. (24) for the DPN content of embryos 
may well have been due to a variable release or activation of DPNase and 
consequently variable DPN destruction. 

Barron et al. (25) have recently reported that ground lung tissue ex- 
hibits a markedly lower metabolism of pyruvate and other substrates than 
do lung slices. ‘These workers also attribute their findings to the high 
DPNase activity of lung tissue. Their results are in good agreement with 
those reported here concerning brain tissue. 

It is unfortunate that no more precise criteria for the state of disper- 
sion of a given tissue are available than the qualitative classification as 
“coarse” and “‘fine’’ homogenates used in this study as well as by other 
workers in the field. Schneider and Potter (26) have attempted to es- 
tablish a “cytolysis quotient” as a measure of cell rupture; later work, 
however, has shown this quotient to be a measure of some subcellular 
entity rather than of the state of cell intactness (27). Measurement 
of DPNase activity may provide a more reliable measure of cellular 
destruction. 


The authors are indebted to Dr. 8. H. Durlacher, Pathology Section, 
for histological study of some of the brain homogenates here employed. 


SUMMARY 


1. Diphosphopyridine nucleotide (DPN) is an essential cofactor in the 
oxidation of pyruvic acid by water-homogenized mouse brain preparations. 
Other cofactors required for the demonstration of aerobic pyruvate me- 
tabolism with such preparations include inorganic phosphate, Mg**, ade- 
nosine triphosphate, fumarate, and cytochrome c. 

2. The requirement for the addition of DPN to homogenized brain 
preparations to promote pyruvate oxidation becomes apparent only when 
the tissue is highly homogenized. Coarse homogenates do not require 
added DPN in pyruvate oxidation. It is not necessary to add DPN to 
highly homogenized preparations if homogenization is conducted in 1 to 3 
per cent nicotinamide solutions instead of in water alone. 

3. Evidence is presented that the liberation or activation of the intra- 
cellular enzyme DPNase is of importance in the demonstration of the réle 


» of DPN in pyruvate oxidation by brain homogenates. Highly homo- 
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genized brain preparations have a more marked DPNase activity tha» 
coarse homogenates and nicotinamide presumably inhibits such enhance 
activity. Conflicting results by previous workers on the requirement for 
DPN in pyruvate metabolism by brain tissue may have been due to vari. 
ations in the mode of tissue preparation. 
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THE BIOLOGICAL ACTIVITY OF SUBSTITUTED PYRIMIDINES* 


By G. W. KIDDER ano VIRGINIA C. DEWEY 
(From the Biological Laboratory, Amherst College, Amherst, Massachusetts) 
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Recent investigations have shown that the animal microorganism, T'etra- 
hymena geleti, requires an exogenous source of pyrimidine for growth (1). 
This requirement can be met by the addition of cytidylic acid or uracil 
to the medium (2). (Cytosine and thymine are without activity. The 
failure to utilize the latter two free bases was interpreted as indicating a 
block in the ability of the organism to carry out the riboside linkage in 
these two cases. The utilization of uracil, however, demonstrates the 
ability of the organism to carry out the specific riboside linkage to form the 
nucleoside and nucleotide of uracil and also its ability (and obligation) to 
substitute an amino group for the keto group in the 6 position without 
breaking the riboside linkage. Of the naturally occurring pyrimidine 
bases, therefore, uracil was found to be the only one which would satisfy 
the needs of this organism. 

A systematic testing of various substituted pyrimidine bases over wide 
ranges of concentrations offers a means of evaluating the physiological 
importance of the positions and radicals. This, in turn, may help us to 
understand better the particular enzymes involved. The substituted pyrim- 
idines can be divided into four categories: (1) they may replace uracil; 
(2) they may exert sparing action, so that the amount of uracil required 
for optimal growth is reduced; (3) they may exhibit inhibition even in 
the presence of uracil; and (4) they may be inert. 

The purpose of this communication is to report the results obtained 
on twenty-three substituted pyrimidine bases in regard to their activities 
when tested with J'etrahymena. We are deeply grateful to Dr. George 
H. Hitehings and his colleagues at the Wellcome Research Laboratories for 
generously supplying us the pyrimidines used. Without their coopera- 
tion this study would have been impossible. 


Material and Methods 


The organism used in these investigations was 7'etrahymena geleii, strain 
W, grown in pure (bacteria-free) cultures. The basal medium is given in 
Table I. Growth was measured turbidimetrically (5) and all experiments 


* Aided by a grant from the United States Public Health Service and a grant 
recommended by the Committee on Growth of the National Research Council, act- 
ing for the American Cancer Society. 
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were repeated a varying number of times. Within any single experimen rit 
triplicate tubes were invariably used and the results expressed as averages op 

When tests were set up for replacement or sparing action, the resylts de 
were all based on third serial transplants in identical concentrations of com. —_—~Pe 
ponents. In all experiments involving inhibitory compounds, however rh 
it was found that completely reproducible results could be obtained only Th 

hig 
Taste 
Basal Medium 

All amounts are given in micrograms per ml. of final medium. ie 
L-Arginine HC1.. Nicotinamide. ._. 0.10 
u-Histidine HCI 36 Thiamine HCl... 1. 
pi-lsoleucine |. 113 Riboflavin 0.10 
-Leucine 147 Pteroylglutamie acid... 0.01 u 
L-Lysine HC1.... 116 Pyridoxine HCl. ... 
pu-Methionine..... 9 Pyridoxal 001 
L-Phenylalanine 70 Pyridoxamine HCl... 
pu-Threonine._. 138 Biotin (free acid) 0.0005 
L-Tryptophan. 28 Choline Cl..... 1.00 
7 Protogen®....... 0.375 5-N 
pi-Serine....... 157 Guanylic acid..... 30 u 
u-Glutamic acid............ 233 Adenine....... 
L-Aspartic acid... 61  MgS0,-7H,0.. 100 
| 100 
pu-Alanine. 55 CaCl,-2H,0..... 
175 25 | 
L-Hydroxyproline........ _.. 75 | FeCl,-6H,O........... 
0.05 
Sodium acetate... 1000 Tween S5t.. 700 
Ca pantothenate. .. of t) 


* Furnished by the Lederle Research Laboratories through the courtesy of Dr 

Ek. L. R. Stokstad. Protogen represents a portion of the previously used “Factor 

II.” For the references see (3) and (4). T 
+ Furnished by the Atlas Powder Company, Wilmington, Delaware. 


when the organisms used for inoculation into medium containing an i 
hibitor were grown for two serial transplants in a medium containing § — 
suboptimal level of the antagonist (e.g., uracil). This technique is nece* The 
sary to avoid permanent injuries (in the case of some of the more poten! 
inhibitors) and any tendency to adaptation to the inhibitor. Incubation prod 
was for 72 hours (unless otherwise noted) at 25°. 
Each compound was tested for replacement over a range of graded coo — 
centrations up to 100 y per ml. of medium, in the absence of other py: ? 
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rmidine. A similar range of concentrations was then tested with sub- 

imal amounts of uracil (2 y per ml.) or cytidylic acid (5 y per ml.) to 
determine whether or not any sparing action could be demonstrated. 
Possible inhibitory action was tested for in graded concentrations up to 
300 y per ml., in the presence of at least two suboptimal levels of uracil. 
The low solubility of many of the compounds precluded satisfactory use of 
higher concentrations. 


Taste Il 
Replacement Inhibition =| Sparing Inert 
| 1.00 2-Thio-4-aminopyrim- <204-Methyl 2-Amino-4-hydroxy- 
<a idine uracil pyrimidine (isocy- 
tosine) 
3-Methyl- 0.841 5-Hydroxyuracil (iso-— 25 1,3-Dimethyluracil 
uracil barbiturie acid) 
5-Bromo- 0.50 2-Thio-6-ketopyrimi- 100 5-Methyleytosine 
uracil dine (2-thiouracil) | 
5-Nitro- 0.12 2,4-Diaminopyrimidine' 100 4-Ketouracil (barbi- 
uracil turic acid) 
5-Aminouracil 200 4-Hydroxypyrimidine 
2,4-Diamino-6-methyl- 300 4,5-Dihydroxypyri- 
pyrimidine midine 
2,4-Diamino-5-formyl- 300 5-Methyl-6-hydroxy- 
amino-6-hydroxypy- pyrimidine 
rimidine 
2-Aminopyrimidine > 1000 Cytosine 
Thymine 


*Calculated from uracil, which was taken as 100 per cent. 
+ The inhibition index may be defined as the smallest ratio between the amount 
of the inhibitor and antagonist at which growth does not occur. 


Results 


Table Il summarizes the results obtained. Of the substituted uracils 
tested, four were capable of supplying the pyrimidine requirement. Their 
activities were very low, however, when compared with uracil. Methyla- 
tion of either the 1 or 3 position reduced the activity to 1 per cent or less. 
These percentages were calculated by comparing the amounts of uracil 
(rated as 100 per cent) with that of the substituted uracil required to 
produce equal growth. Substitution in position 5 with either —Br or 
—NO, reduced the activity to 0.5 and 0.12 per cent respectively. These 
latter activities are so low as to suggest the possibility of slight uracil 


r py: ) contamination. 
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Sparing action, but not replacement, results when position 4 js 
methylated (4-methyluracil). Maximum effect is not shown, however 
until after long periods of incubation (96 hours and over). There is no 
indication from our data as to the active pyrimidine formed and it appears 
that, while positions 1, 3, and 5 may be hydrogenated to form uracil, posi. 
tion 4 can be hydrogenated only in the presence of some uracil. It mus 
be remembered, however, that 5-methyluracil (thymine) is inactive fo 
replacement (2) and shows no sparing action, so the hydrogenation of the 
5 position is more difficult when —CH, is present than when either —B; 
or —NO, is present. 

When both positions 1 and 3 of uracil carry —CH, groups (1 ,3-dimethy)- 
uracil), then all activity is destroyed. ‘The difficulties of hydrogenating 
these positions singly appear to be additive to such an extent that the 
enzyme systems are incapable of converting this compound to an active 
form. Similarly, when the substitution is a keto radical in position 4 (bar- | 1. x 
bituric acid), all activity is lost (no sparing action, as contrasted with , 2K 
4-methyluracil). 3. St 

Eight of the compounds tested were found to be competitively inhibi- Kk 
tory, inhibition being antagonized by uracil or cytidylic acid. They ranged x; 
in inhibitory activity from an inhibition ratio of 20 to over 1000. Inall  ¢ Kj 
cases inhibitory activity depended upon the degree of resemblance of the | 7. Hi 
compound to uracil. Those which bore the closest resemblance, having . | 
substitutions at positions 2 and 4 or 2 and 6, are the most inhibitory. It 
is to be noted that positions 4 and 6 are very nearly equivalent, except for 
the double bonds. Additional substitutions at position 5 modify the 
inhibitory effect. 

In the case of the inert compounds, the explanation probably is that 
enzyme systems are lacking in T'’etrahymena, which would enable it to con- | 
vert them to active forms. The lack of inhibition may be due to con- 
figurations of these compounds such that they fail to fit existing enzyme 
surfaces. Cytosine is inert, as was discussed in a previous paper (2), 
because of the apparent failure on the part of the organism to perform the 
riboside linkage. 

The results shown in Table II and discussed above may prove useful ina 
manner not immediately apparent. Inasmuch as T7'etrahymena is a 
organism with a rather typical animal biochemical pattern (6), it should 
prove useful in screening possible bacterial inhibitors. Thus the dats 
presented in Table II indicate that, if any compound in the categories other 
than that of inhibition exhibit marked bacteriostatic action, then thos 
compounds may prove to be useful therapeutic agents. Hitchings ¢ o. | 
(7) have recently shown that 5-nitrouracil is inhibitory to Lactobacillus | 
casei. This compound shows no inhibitory action to 7'etrahymena. 
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SUMMARY 


Twenty-three substituted pyrimidine bases were tested for replacement, 
sparing action, and inhibitory action, by using the animal microorganism 
Tetrahymena geleit. Changes from the active pyrimidine base uracil 
result in the following: position 1, reduces activity; position 2, destroys 
activity when unsubstituted, and inhibition results when substituted with 
either =S or —NH, (one exception) ; position 3, reduces activity; position 4, 
reduces activity to sparing only (—CH;) or destroys activity (=O); posi- 
tion 5, reduces activity (—NO,, —Br), destroys activity (—CHs), or pro- 
duces inhibition (—NH,); position 6, destroys all activity. 

It is suggested that these and similar results might be employed in tests 
for useful bacteriostatic compounds. : 
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ON THE UTILIZATION OF EXOGENOUS SULFATE SULFUR BY 
THE RAT IN THE FORMATION OF ETHEREAL SULFATES 
AS INDICATED BY THE USE OF SODIUM SULFATE LABELED 
WITH RADIOACTIVE SULFUR 


By DOMINIC D. DZIEWIATKOWSKI* 


(From the Department of Biochemistry, School of Hygiene and Public Health, The 
Johns Hopkins University, Baltimore) 


(Received for publication, November 19, 1948) 


There has been much controversy regarding the origin of the sulfate sulfur 
for the detoxication of phenols. Baumann (1), on the basis of rather 
meager data obtained on two dogs, was of the opinion that exogenous sul- 
fate could augment the excretion of phenol as phenyl sulfate. Tauber 
(2) and Rhode (3), however, using dogs and rabbits, respectively, were 
unable to confirm Baumann’s observations. Hele (4), on the other hand, 
was successful in demonstrating that sodium sulfate as well as sodium 
bisulfite and cystine when administered by mouth with guaiacol carbonate 
increased the ethereal sulfate sulfur excretion of dogs. Subsequently, 
Hele (5) also showed that the dog can utilize sodium sulfate, given orally 
or subcutaneously, to form phenyl sulfate and indoxyl] sulfate, and he sug- 
gested “that in every case ethereal sulphate, whether arising endogenously 
or exogenously, is formed by the union of the sulphate ion with phenolic 
compounds.” 

A more detailed summary of the controversial evidence has been given 
by Hele (4) and, more recently, by Williams (6). 

One of the sites of ethereal sulfate formation was indicated by Embden 
and Glaessner (7) to be the liver. Marenzi (8) subsequently demon- 
strated that a liverless dog was able to conjugate phenol and that the 
small intestine possesses this ability to a remarkable extent. In this 
respect, Arnoldt and De Meio (9) have more recently shown that in vitro 
the intestine is more active than the liver in the synthesis of a phenol 
conjugate. 

The synthesis of ethereal sulfates is indicated by the work of Bernheim 
and Bernheim (10) to be under the influence of labile enzyme systems. 
Their experiments with guinea pig liver slices give, in addition, support 
for the view that sulfate is used in the synthesis of ethereal sulfates, since 
they found that the conjugation of phenol was abolished in the absence of 
sulfate. 


* Present address, Hospital of The Rockefeller Institute for Medical Research, 
6th Street and York Avenue, New York 21. 
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On the basis of the above it seems likely that exogenous sulfate sulfur js 
used, at least in part, in the synthesis of ethereal sulfates and that this 
synthesis takes place largely in the small intestine and liver. It was of 
some interest to see if this opinion could be further substantiated by the 
use of sodium sulfate, labeled with radioactive sulfur (S*). 


EXPERIMENTAL 


Adult, male rats, 200 to 250 gm. in weight, from the colony of Professor 
V. McCollum, were given sodium sulfate,’ containing by stomach 
tube or by intraperitoneal injection. In some instances phenol in aqueous 
solution was given by stomach tube at the same time. The animals wer 
housed in special metabolism cages suspended over large glass funnels. 
To facilitate collection of urine specimens with a minimal contamination 
by the feces, the funnels were loosely stoppered with hobnailed glass balls. 


The urinary inorganic sulfate sulfur, total sulfate sulfur (11), and the | 
total sulfur (12) were isolated as barium sulfate. The fecal sulfur was _ 


likewise isolated as barium sulfate after oxidation according to the direr- 
tions of Bailey (13). All barium sulfate samples were prepared for the 
determination of radioactivity, and their activity determined as pre. 
viously described (14, 15). 

As a check on the completeness of collection the creatinine content of 
some of the urine specimens was determined by an adaptation of Folin’: 
method (16) for use with a photoelectric colorimeter. 


RESULTS AND DISCUSSION 


In order to determine the amount of S® excreted in the urine and feces 
after intraperitoneal or oral administration of relatively large amounts of 
labeled sodium sulfate, 50 mg. of sodium sulfate, containing S®, were given 
to one rat by stomach tube and to a second by intraperitoneal injection. 
These rats were allowed food and water at all times during the course 
the experiment. The excretion of the radioactive sulfur in the urine and 
feces was followed for a period of 3 days. The data are summarized 1 
Table I. An examination of Table | indicates that a major portion of the 
S* activity is excreted in the urine and feces in the first 24 hours. By the 
end of 72 hours it was found that elimination of the S® by these routes 


excretion accounted for 85.6 per cent after oral administration and 792 ° 
per cent after intraperitoneal injection of the activity administered | 


' The sodium sulfate, containing the 8*, was recovered according to the diree — 


} 


tions of Tarver and Schmidt (18) from the urines of rats given S®* as sodium sulfide 
The author is sincerely grateful to Dr. M. D. Kamen, Washington University, ™ 
Louis, Missouri, for a gift of irradiated carbon tetrachloride from which the labeled 
sodium sulfide was prepared. 
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These figures approach those previously reported for the excretion of S® 
after the intraperitoneal injection of only 1 mg. of labeled sodium sulfate 
(15). On the basis of these figures it was decided to proceed as follows in 
an attempt to demonstrate the possible use of exogenous sulfate in the syn- 
thesis of ethereal sulfates. 

Each of four rats was given 25 mg. of sodium sulfate, containing S*, 
by stomach tube and then placed in a separate metabolism cage. No 
food was allowed. The urine collected in the following 24 hours and the 
cage washings were combined. The activity of the 5® in the inorganic 
sulfate, total sulfate, and total sulfur fractions of each rat’s urine was 
determined. For the next 5 days the rats were allowed both food and 


TaBLe |! 


Excretion of S* in Urine and Feces of Adult Rats after Oral and Intraperitoneal 
Administration of Labeled Sodium Sulfate 


Each rat received 30 mg. of sodium sulfate, containing S* (1900 counts per min- 


 yte). Rat 8-0 received the sodium sulfate by stomach tube, Rat S-1 by intraperi- 


toneal injection. 
| Rat S-0 | Rat S-1 
Counts per min. | Counts Counts per min. Counts 
in 24 hr. specimen recovered in 24 hr. specimen recovered 
per cont | per cont 
| Urinary 1310 69.0 1426 75.0 
~—s- Fecal 191 10.0 | 23 | 1.2 
2 Urinary 44 2.3 26 1.4 
Fecal 23 1.0 
3 Urinary 46 2.4 s 0.4 
Fecal 13 0.7 5 0.2 
Total 3 day excretion. . 1627 85.6 1508 79.2 


water. The urine samples were not collected. On the 7th day the rats 
were again placed in clean metabolism cages without food and the urine 
collected for the following 24 hours. The urinary sulfur was again frac- 
tioned. A similar procedure was followed after the rats received 25 mg. 
of the labeled sodium sulfate by intraperitoneal injection. The observa- 


, tions on these urine specimens are summarized for one rat in Table II. 


Table II shows also the effect of the simultaneous administration of 25 


_ mg. of phenol and labeled sodium sulfate on the activity of the S® appearing 
in the ethereal sulfate sulfur fraction of the urine. 


From the data in Table II it seems logical to conclude that exogenous 


| sulfate sulfur is utilized by the rat in the synthesis of ethereal sulfates. 
, This conclusion is consistent with the observations of Baumann (1) and of 
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Hele (4, 5) on the dog and of Bernheim and Bernheim (10) on guines pig 
liver slices. It is in agreement with the conclusion reached by Laidlow and 
Young (17) in a note which appeared after this work was completed. The 
latter authors also used rats, to which sodium sulfate labeled with S* gné 
2-naphthylamine were administered. The ethereal sulfate of 2-amino-}. 
naphthol was isolated and shown to contain radioactive sulfur. 


Taste Il 


Urinary Excretion of S® by Adult Rat in 24 Hours after Oral and Intraperitone — 


Administration of Labeled Sodium Sulfate with and without Phenol 
25 mg. of sodium sulfate containing 5* (2250 counts per minute) and 25 mg. of 
phenol were administered as indicated. The time interval between experiments js 
at least 6 days. The radioactivity measurements are corrected for decay and self. 


Total Ethe Ethe. Kemaris 


commis 
A 4.4. 9.4)10.0 12.9 0.6 | 781 830 838 49 Na,SO,, orally 
B 4.4) 49 9.0 0.5 417 47 7th day after Expen 
| | | ment A 
C 4.4/8.9!) 9.6) 12.4 0.7) 1150 1235 1220 85 | Na SO, intraperito. 
neally 
D 4.5 54; 60 92 0.6 | 4s 4s » 0 7th day after Exper. 
ment C 
E 4.4 6.0/ 10.3 12.2 4.3, 94 1178 1196 232 Na,SO, and pheod 
orally 
F 5.5 14.2 21.5 4.7) SO6 1227 1245 421 Na,SO, intraperito | 
| | | | | meally; phend 
G | 4.2 45) 7.6 99 3.1 65 936 80 NasSO, intraperito 
| | | neally in 4 doses, | 
hr. apart; pheno 


It was not possible to demonstrate, under the conditions of these expen- 
ments, that the synthesis of phenyl sulfate after oral administration d 
sodium sulfate and phenol was greater than the synthesis when sodium 
sulfate was given by intraperitoneal injection and the phenol orally. 


If one defines specific activity as counts per minute per mg. of 8, it wil | 
be found on calculation from the data in Table II that the specific activity | 


of the inorganic sulfate sulfur is in close agreement with the specific activ- 
ities of the total sulfate sulfur and ethereal sulfate sulfur fractions im 4 
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number of the experiments. For example, in the case of Experiment A, 
Table II, the specific activity of the inorganic sulfate sulfur fraction is 82, 
that of the total sulfate sulfur and ethereal sulfate sulfur fractions 83 and 
%, respectively. An agreement similar to or approaching the one just 
cited was found in twelve out of the twenty-eight experiments done on the 
four rats. Such an agreement in the specific activities suggests that it is 
sulfate as such which is directly utilized in the in vivo synthesis of ethereal 
wlfates. This agreement in the specific activities may be an indication 
that, if sulfur from other sources than preexisting sulfate is used in the 
in vivo synthesis of ethereal sulfates, the sulfur is first converted to sulfate 
sulfur before it is conjugated with phenols. Hele (5) has made this sug- 
gestion and the work of Bernheim and Bernheim is also indicative of this 


possibility. 
SUMMARY 


Rats given sodium sulfate containing S® incorporate some of the sulfur 
into the ethereal sulfate sulfur fraction of the urine. The amount incor- 
porated can be increased by the simultaneous administration of phenol. 

On the basis of the close agreement in the specific activities of the inor- 


ganic sulfate, total sulfate, and ethereal sulfate sulfur fractions in a number 


of the experiments it is suggested that, if sulfur from sources other than pre- 
existing sulfate is used in the in vivo synthesis of ethereal sulfates, the sulfur 
is first converted to sulfate before it is conjugated with phenols 
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PARTITION CHROMATOGRAPHIC SEPARATION OF ADENINE 
AND GUANINE 
By PEHR EDMAN, EINAR HAMMARSTEN, BENGT LOW, 
anp PETER REICHARD 


(From the Biochemical Department, Karolinska Institutet, Stockholm, Sweden) 


(Received for publication, June 22, 1948) 


In the course of an investigation into the metabolic pathways of nucleo- 
tide purines by means of tracer elements, it became necessary to prepare 
from biological sources pure specimens of adenine and guanine in sufficient 
quantities for analyses in the mass spectrometer. In general, for prepar- 
ative purposes, use has been made of the insolubility of adenine and gua- 
nine under certain strictly specified conditions. For small quantities of pu- 
rines, however, these methods are unsatisfactory because of the difficulties 
in maintaining the specified conditions in small volumes. The employ- 
ment of the liquid-liquid distribution principle in the form of parti- 
tion chromatography seemed. more promising as a separatory procedure 
for small amounts of purine, especially since Vischer and Chargaff (1) 
have shown that it is possible to separate adenine and guanine on paper 
strip chromatograms in the system quinoline-collidine-water. After the 
conclusion of our work a paper by Tinker and Brown (2) was brought to 
our attention. They employed the system butanol-1 m phosphate buffer, 
pH 6.5, for the separation of the purines in the Craig apparatus. 

In our work partition chromatography on starch (3, 4) has effected the 
desired separation of adenine and guanine. 


Results 


For two reasons our choice of solvents has been restricted. In the first 
place we prefer not to have foreign nitrogen in the system. Secondly, it 
was desirable to follow the development of the chromatogram directly in 
the effluent. This could be conveniently done by taking advantage of the 
fact that the purines absorb strongly in the ultraviolet region and there- 
fore the absorption of the solvent should be negligible. In preliminary ex- 


_ periments, we first chose n-butanol as a solvent, but the purines proved to 


te insufficiently soluble in this medium. The addition, however, of a small 
amount of the monomethyl ether of ethylene glycol to the butanol in- 


_ creased’ the solubility of the purines, and this solvent mixture was found 


| 
| 


o serve as an excellent developing agent in the chromatography. 
In our first experiments the purines were put on the column as hydro- 
chlorides. At that time the separation was never complete, because the 
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zones displayed a tendency to spread and, furthermore, it was difficult to 
obtain quite reproducible results. Later sodium hydroxide was substituted 
for hydrochloric acid and this resulted in a considerable sharpening of the 
zones and an excellent reproducibility. 


EXPERIMENTAL 


The starch was prepared by extraction with methanol for 24 hours in g 
Soxhlet apparatus and drying in vacuo at 45°. The starch was then ex. 
posed to air and used directly in the columns. For the preparation of the 
column and the collection of the effluent a paper by Edman (5) should be 
consulted. 

Solvents—The n-butanol was freed from impurities giving light absorp. 
tion in the ultraviolet. This was done by refluxing the butanol with zine 
dust and strong alkali for 2 hours and then distilling and redistilling ix 
vacuo. Butanol (865 ml.) and water (135 ml.) were mixed. 

The methylene glycol (practical grade) was distilled twice tn vacuo before 
use. 
To the 14 volumes of the butanol-water mixture was added 1 volume of 
methylene glycol. This solvent mixture was then used in the chroma- 


y. 

Estimation of Adenine and Guanine in E-fluent—This was done by meas- 
uring the ultraviolet absorption of the effluent in a Beckman spectropho- 
tometer in 1 cm. quartz cells at wave-lengths 262 and 248 my. The pure 
solvent served asablank. The value of the quotient Form / La, differs widely 
for the two purines, being in the solvent mixture 1.50 for adenine and 0.70 
for guanine. This quotient offers a convenient way of identifying the 
purines. It should be mentioned that the values of these quotients varied 
somewhat from one run to another, owing mainly to a small variable 
amount of absorbing material released from the starch. For the purpose, 
however, of following the development of the chromatogram minor de- 
viations from the correct quotients can be neglected. Whenever a greater 
accuracy was called for, the organic solvent was evaporated and the ab- 
sorption of the purines measured in 1 nN HCl. 

Procedure—The extraction of the nucleotides from the cells and their 
fractionation into polydesose and polyribose nucleotides were carried out 
according to Hammarsten (6). The fractions of polyribose and of poly- 
desose nucleotides were hydrolyzed with sulfuric acid. 

The purines were precipitated as their silver compounds according to the 


procedure described by Kerr and Seraidarian (7). The silver compounds . 


were carefully washed until the supernatant gave no reaction to sulfate 
ions. Silver nitrate was added during the washing procedure. The last 
traces of sulfate ions, which adhere very firmly to the silver precipitate, 


are removed by the further addition of 0.1 ml. of a 1 per cent solution of 
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barium nitrate to the silver nitrate solution used for washing. Excess 
barium is removed by continued washing with the silver nitrate solution. 
In order to remove silver nitrate the precipitate is finally washed once 
with absolute ethanol and twice with ether. 

Preparation of Solution of Mixed Purines—The silver compounds are 
decomposed with hydrochloric acid as described by Kerr and Seraidarian 
(7) and the hydrochloric acid removed through evaporation to dryness in 
vacuo three times. ‘The purines are taken up in 2 to 3 ml. of distilled water, 
transferred to a wide test-tube, and the solution evaporated to dryness on 
the boiling water bath in a stream of air. It is important that the purines 


Adenine 


Guanine 


100 150 ml 
Volume of effluent 


Frio. 1. Separation of adenine and guanine 


ve deposited on the smallest possible area, because otherwise it is difficult 
to dissolve all the guanine. To the dry material are added 0.10 ml. of 1 N 
NaOH and 0.70 ml. of methylene glycol. The suspension is then heated 
very quickly over a free flame and 9.8 ml. of n-butanol-water mixture 
(87.2 ml. + 12.8 ml.) are added. The solution (10.6 ml.) is introduced 
into the starch column (35 mm. in diameter and 120 mm. long) and a 
chromatogram is developed. This procedure was used for the fractiona- 


tion of guanine and adenine in a study of the nitrogen turnover in cell 


wuclei and cytoplasm in rat liver (8). 
Model Experiment on Pure Guanine and Adenine—In Fig. 1 the course 
of & typical experiment is presented. In this run 2 mg. each of adenine 
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and guanine were dissolved in 3.56 ml. as described above (0.04 ml. of } 
w NaOH + 0.22 ml. of methylene glycol + 3.3 ml. of butanol-water mix. 
ture) and put on the column. The cuts of the effluent were made with 
time interval of | hour. As can be seen, a complete separation of adenine 
and guanine was achieved by the passage of 120 ml. of solvent through the 
column, which in this case corresponds to 12 hours. The vield was about 
80 to 90 per cent for both adenine and guanine. 

Test of Purity—The nitrogen content is a rather unsatisfactory criterion, 
because these values are very close for adenine and guanine and even g 
large contamination of the one by the other will cause only a rather slight 
change in the nitrogen content of the preparation. Measurement of the 
light absorption was considered a more rigid test of purity because of the 
large differences in the absorption curves of adenine and guanine. The 
light absorption was measured at 262 and 248 my in / w hydrochloric acid. 
The quotient Eye_/ Hos for adenine is 1.38 and for guanine 0.69. The values 
of Exe per microgram of N per ml. and 2a. per microgram of N per ml., 
determined on adenine (Ey) and guanine (Ey) isolated from polynucleo- 
tides of tissues, were found to be in good agreement with the determina. 
tions on pure adenine and guanine. 


SUMMARY 


A method is described for the complete and rapid separation of adenine 
and guanine by means of partition chromatography on starch. The 
method has been successfully adapted to a procedure for preparing pure 
specimens of adenine and guanine from comparatively small quantities of 
polynucleotides. 
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4A SYNTHESIS OF ALANINE LABELED WITH HEAVY CARBON 
IN THE @ POSITION 


By J. BADDILEY, G. EHRENSVARD, anv H. NILSSON 
(From the Wenner-Gren Institute, University of Stockholm, Stockholm, Sweden) 


(Received for publication, September 14, 1948) 


During a series of investigations on amino acid metabolism in Torulopsis 
yeast (1, 2) we required quantities of p- and L-alanine isotopically marked 
in position 2. The well known methods for obtaining alanine, e.g. from 
wetaldehyde by the Strecker method (3-5) or from acetic acid through 
gcetyl cyanide and pyruvie acid (6), although theoretically capable of 
application in our case, were found to be unsuitable in view of the large 
number of steps involved and the low over-all yields. A new synthesis 
was, therefore, clearly indicated. For various reasons it seemed desirable 
to form the carboxyl group by an oxidation step at as late a stage as pos- 
sible in the synthesis. With this end in view several routes were explored 
which aimed at the preparation of compounds of the type R’—C*H(NH),)- 
CH, where R = 2-furyl- or polyhydroxyphenyl. Oxidation of such com- 
pounds after appropriate protection of the amino group should give 
danine derivatives labeled in position 2. This method of introducing 


_ a carboxyl group into a molecule has been described by several workers 


(7, 8). 
In the furane series, considerable difficulty was encountered during the 


introduction of the isotopic carbon, originally in the form of Zn(CN)s, 


while, in the polyhydroxypheny! series, the extreme sensitivity to alkali 
proved objectionable. Consequently these routes were not pursued 
further. 

Attention was then directed to compounds of the type RCH=CH—C*- 
H(NH,)CH, where oxidation of the ethylenic linkage should give the de- 
ared result. A successful synthesis on these lines is shown in the accom- 
panying diagram. 

a-Cyano-8-phenylacrylic acid (I) was obtained in 82 per cent yield by 
treating sodium cyanide (containing excess C"*) with sodium chloroacetate, 
followed by condensation of the resulting cyanoacetate with benzaldehyde 
%). Decarboxylation of (1) by heating with copper powder gave an 85 
per cent yield of cinnamic nitrile (II), which was hydrolyzed in 82 per cent 
yield to cinnamiec acid (IIT) when heated with sodium hydroxide solution. 

The direct conversion of cinnamic acid nitrile to benzalacetone (IV) by 
the Grignard method gave very low yields (10). Similarily, rather low 
yields were obtained when cinnamoyl chloride was treated with methyl 
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Ph—CHO + CH,Ci + NaC*N — Ph—CH=C—C'N —+ 


COONa COOH 
ap 


Ph—C HeeCH—C*OOH Ph—CH==C H—C%(O) CH, 


+ — Ph—CH=CH —C*H—CH, 


NHCOPh 
(V) (VI) 
HOOC—C*H—CH, 


NHCOPh 
(VID 


cadmium (cf. (11)) or cinnamic acid with methyl lithium (cf. (12)). How. 
ever, application of the method of Gilman and Van Ess (13) for converting 
acids to the corresponding alkyl ketones by the reaction of the lithium 
salts with alkyl lithium proved most successful in this case. From lithium 
cinnamate and 1 mole of methyl lithium, benzalacetone (IV) was obtained 
in a yield of more than 90 per cent and in a high state of purity, fractiona- 
tion being unnecessary. The oxime (V) was prepared in the usual way. 
The benzoylated amine (VI) was produced by reduction with zine and 
benzoylation in a manner essentially similar to the method described for 
the preparation of the compound by Harries and de Osa (14). The yield 
on this two-stage process was 40 to 45 percent. From (VI), benzoylalanine 
(VII) was obtained in 55 to 65 per cent yield by oxidation with calcium 
or barium permanganate. Resolution and hydrolysis according to the 
method of Pacsu and Mullen (15) gave pure p- and L-alanine, although our 
yields at this step were not as high as those claimed by the American 
workers. 

With variously substituted alkyl and aryl lithium derivatives, it should 
be possible to apply this method to the synthesis of a variety of amino 
acids. Also there are possibilities of oxidizing benzalacetone directly or 
indirectly to pyruvic acid labeled in the keto group. These subjects are 
under investigation at present. 


EXPERIMENTAL 


a-Cyano-8-phenylacrylic Acid (1)—This substance was obtained in 82 
to 85 per cent vield by the method of Lapworth and Baker (9). 
Cinnamic Nitrile (11)—-Fiquet (16) obtained this nitrile in unstated 
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yield by heating (I) tn vacuo. In our hands an 85 per cent vield of crude 
nitrile, containing a little water, was obtained when 100 gm. of (1) mixed 
with 20 gm. of copper powder were heated for about 10 minutes at 245° 
until carbon dioxide evolution had ceased; the residue distilled rapidly 
under reduced pressure. 

Cinnamic Acid (111])—14 gm. of the crude nitrile (II) were refluxed 
with 115 ml. of 33 per cent NaOH solution and a little ethanol until evo- 
lution of ammonia had ceased. The solution was diluted with vater and 
acidified with sulfuric acid topH 1. Cinnamic acid was filtered off, washed 
with water, and dried. Yield, 82 per cent; m.p. 133°. 

Benzalacetone (1V)—An etheral solution of methyl! lithium was prepared 
according to the directions given by van Dorp and Arens (12) from lithium 
and methyl iodide in ether. Meanwhile, cinnamic acid (II1) was dissolved 
in 1 mole of aqueous lithium hydroxide and evaporated to dryness. The 
dry salt was washed with ether and powdered before use. 

The filtered solution of methyl lithium (1.2 moles) was added gradually 
toa suspension of 1 mole of lithium cinnamate in ether. The total volume 
was approximately 4 liters. A stream of dry nitrogen was passed continu- 
ously. Heat was evolved at first but the reaction was completed by re- 
fluxing the mixture on a steam bath for 6 hours, by which time the solu- 
tion was quite clear. The solution was poured onto ice and the ether 
layer was separated, washed with water until the washings were neutral, 
and then dried over sodium sulfate. Evaporation of the ether left an oil 
which crystallized readily on cooling, being almost pure benzalacetone. 
Yield, 90 to 95 per cent; m.p. 40-42”. 

Benzalacetone Oxime (V)—<An alcoholic solution of 1 mole of benzalace- 
tone was refluxed with a concentrated aqueous solution of 1.2 moles of 
hydroxylamine hydrochloride and 1.2 moles of sodium acetate for 4 hours, 
allowed to stand overnight at room temperature, and evaporated in vacuo 
toasmall volume. Addition of water to the residue gave the crystalline 
oxime. This was filtered off and dried in air. Yield 97 per cent; m.p. 89°. 

1-Phenyl-3-benzamido-1-butene (VII)—40 gm. of oxime (VI) in 300 ml. 
of absolute ethanol and 300 ml. of acetic acid were reduced at 0° with 
100 gm. of zinc dust and the mixture was worked up by the method of 
Harries and de Osa (14). The free base, however, was not isolated but 
the steam distillate was benzoylated directly by the Schotten-Baumann 
method, giving a 40 to 45 per cent yield of (VI); m.p. 137° after reerystal- 
lization from alcohol. 

Benzoyl-pi-alanine (V11)—To 2.5 gm. of benzoyl derivative (VID) dis- 
solved in 20 ml. of pyridine were added, alternately and with stirring, 
5 gm. of barium permanganate in 40 ml. of water and 5 gm. of barium 
hydroxide in 50 ml. of warm water. The temperature was kept at 40°. 
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Addition of permanganate was stopped when a faint pink color persisted 
in the solution. Manganese dioxide was filtered off, washed well with 
hot water, and the filtrate and washings were combined. The solution 
was warmed with a little methanol to destroy excess permanganate, carbon 
dioxide was passed until the solution had only a feeble alkaline reaction, 
and the solid was filtered off. The filtrate was evaporated to dryness jn 
vacuo and the residue dissolved in 50 per cent alcohol. Barium was rp. 
moved with 4 N sulfuric acid, with rhodizonic acid indicator, and the filtered 
solution evaporated to a small volume. Benzoic acid was removed by 
extraction with ether, and pure benzoyl-pi-alanine crystallized from the 
aqueous solution. Yield, 65 per cent; m.p. 163°, undepressed on admixture 
with an authentic specimen. 

When the procedure was carried out on a larger scale (120 gm.) with 
calcium permanganate, a 55 per cent yield was obtained. 

With aid of the synthesis outlined above we prepared from labeled so- 
dium cyanide 48 gm. of benzoyl-pi-alanine labeled with heavy carbon in 
position 2. 

SUMMARY 


A synthesis of benzoyl-pi-alanine labeled with C" in the a position 
is described. 

Resolution and hydrolysis gave the corresponding pure p- and L-ala- 
nines. 
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VI. THE ACID HALIDES OF p-TOLUENESULFONYL.-, CARBOBENZOXY.-, 
AND BEN ZOYL-p-METHOXY PHENYL-t-ALANINE* 
By HERBERT E. CARTER ano J. W. HINMANt 
(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University 
of Illinois, Urbana) 
(Received for publication, November 18, 1948) 


The tendency of the acid chlorides of acylamino! acids to racemize 
under very mild conditions was pointed out by Karrer and dalla Vedova 
(1) in 1928. To explain this optical instability they assumed the ex- 
istence of the following enolization: 


OH Oo 
R—CH—COOH R—C=C R—CH—C 
| \ 
COR COR COR 


The fact that the acid chlorides of carbobenzoxy (2) and p-toluenesulfonyl 
(3) derivatives of amino acids retain their optical activity under condi- 
tions leading to complete racemization of acylamino acid chlorides 
renders this hypothesis unlikely. If the above mechanism were opera- 
tive, only differences in the rate of racemization would be expected. 
A more satisfactory explanation of the optical instability of acylamino 
acid halides was provided by observations made in the study of the chem- 
istry of penicillin (4). In this program considerable evidence accumu- 
lated that acylamino acid halides do not have an independent existence 
but rearrange rapidly into the corresponding azlactone hydrohalides 
which racemize rapidly. The following facts support this view: (a) the 
salt-like solubility characteristics of the acylamino acid halides as com- 
pared with the covalent solubility properties of other acid halides, (b) 
the conversion of the alleged acylamino acid halides to the corresponding 
azlactone by simple dehydrohalogenation under anhydrous conditions 
or, in some cases, simply on standing in vacuo, (c) similarity of the ultra- 


* The material presented in this paper was taken from the thesis submitted to the 
Graduate College of the University of Illinois by J. W. Hinman in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy in Chemistry. 

t Present address, The Upjohn Company, Kalamazoo, Michigan. 

' In this paper acy! is used as a general term including both aroy! and alkaroyl. 
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violet absorption spectra of certain acylamino acid halides and the cor. 
responding azlactones, (d) the extreme sensitivity of most acylamino 
acid halides toward water. The following equation illustrates the 
mechanism suggested for this apparently spontaneous conversion of 
acylamino acid halide to the corresponding azlactone hydrohalide (4) 


HN—CHR’ NH-—CHR’ *NH——-CHR’ 


The importance of acyl-, carbobenzoxy-, and p-toluenesulfonamido 
acid halides in the synthesis of peptides prompted further study of this 
problem with particular reference to the optical stability of the three 
types of compounds. In the present investigation a comparison of the 
acid halides of carbobenzoxy-, p-toluenesulfonyl-, and benzoyl-p-methoxy- 
phenyl-L-alanine is made. By the use of diagnostic chemical reactions 
and physicochemical measurements, evidence is presented to show that 
the acid halides of the benzoyl derivative are actually 2-phenyl-4-p- 
methoxybenzyl-5-oxazolone hydrohalides, and that the other two de- 
rivatives give normal acid halides of the generally accepted structures. 


Benzoyl-p-methoryphenyl-t-alanine Derivatives 

Derivatives of p-methoxyphenyl-L-alanine were chosen for this study 
because they are readily available from L-tyrosine and have reasonably 
high specific rotations and desirable ultraviolet absorption properties. 

When an ethereal solution of benzoyl-p-methoxyphenyl-L-alanine was 
treated with phosphorus tribromide under anhydrous conditions, a crystal- 
line, ether-insoluble salt was obtained in nearly quantitative yield. This 
material underwent reactions typical of both an acid bromide and an 
oxazolone hydrobromide. For example, treatment with water yielded 
benzoyl-p-methoxyphenyl-pL-alanine and treatment with aniline yielded 
benzoyl-p-methoxyphenyl-pL-alaninanilide. However, the reaction of 
the phosphorus tribromide product with diazomethane was differentiat- 
ing,’ for instead of obtaining a diazoketone, as would be the case with a 
true acid bromide, was 0b- 


? The acid chlorides of carbobenzoxy- and p-toluenesulfonamido acids are not 4s 
reactive toward water as commonly believed. Carbobenzoxyamido acid chlorides may 
be washed with water without deleterious results (5, 6) and the authors have observed 
that certain p-toluenesulfonamido acid chlorides persist virtually unchanged after 
many days in a damp atmosphere. 

* Karrer and Bussmann (7) reported that “hippuryl chloride” yielded 2-pheny!-5- 
oxazolone on treatment with diazomethane. 
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tained. These findings indicate that the reaction proceeded, as expected, 
to yield the hydrobromide of the azlactone which was converted to the 
free azlactone with diazomethane. 


| 


C=O 
Br- 
C.H,—C C=O 


However, the possibility exists that diazomethane may cause a ring 
cosure rather than act as a simple dehydrohalogenation agent. The 
fact that toluenesulfon- and carbobenzoxyamido acid halides give diazo- 
ketones on treatment with diazomethane argues against such a possibility 
and even stronger evidence was provided by a comparison of the infra- 
red absorption spectra of benzoyl-p-methoxyphenylalanine, 2-phenyl- 
4-p-methoxybenzyl-5-oxazolone, and the phosphorus tribromide reaction 
product. Significant portions of the double bond region of these spectra 
are reproduced in Fig. 1. It will be noted that the absorption in the 
region 1500 to 1600 cm." characteristic of phenyl and p-substituted 
phenyl is practically the same in each of the three samples.‘ The intense 
p-substituted phenyl band at 1528 em in the curve for benzoyl-p- 
methoxyphenyl-L-alanine is reenforced by the second amide band. The 
main amide band of this compound appears at 1644 cm. and the car- 
boxyl absorption at about 1720 cm.'. In Curve II for 2-phenyl-4-p- 
methoxybenzyl-5-oxazolone, the band at 1655 cm." is attributable to 
the ring C==N, the 1720 cm.—' absorption to a trace of free carboxyl (im- 
purity), and the band at 1832 cm. to the C=O of the azlactone ring. 
The spectrum of the salt-like phosphorus tribromide reaction product 
(Curve III) is similar to that of the free azlactone except that the ring 
C=O band appears at 1875 cm.'. A trace of free carboxyl absorption 
is again observable at 1720 cm. This is not surprising, considering 
the ease with which these compounds are hydrolyzed. The striking 
shift of the carbonyl absorption and absence of acid bromide type ab- 
sorption in the 1820 cm.' region in the spectrum of the salt-like product 
provide convincing evidence that this compound is not the simple acid 
bromide of benzoyl-p-methoxyphenylalanine. 


* The differences in the intensity of absorption are due to variation in thickness of 
the samples. 
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It seemed of interest to study the relative rates of azlactone formation 
and azlactone racemization. The first studies of this type were attempted 
by carrying out the reaction between phosphorus tribromide and benzoyl. 
p-methoxyphenyl-L-alanine in alcohol-free chloroform. However, by 
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Fic. 1. Infra-red spectra of benzoyl-p-methoxyphenyl-t-alanine (Curve J), 
2-phenyl-4-p-methoxybenzyl-5-oxazolone (Curve II), and 2-phenyl-4-p-methoxy- 
benzyl-5-oxazolone hydrobromide (Curve III). Nujol mulls. Perkin-Elmer infra- 
red spectrometer. 


use of this technique, it was not possible to follow optical activity, for 
during the first few hours of reaction time the solution was too turbid to 
obtain polarimeter readings, and by the time the solution cleared the 
material was completely racemized. 

It was then observed that, if the chloroform used as the solvent con- 
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tained a trace of ethanol, the solution remained clear during most of the 
reaction time, and the following changes in optical rotation were ob- 
served. Within a few minutes the rotation changed from a high positive 
yalue to a negative value, and then slowly rose to a value which, in some 
cases, approached the initial positive value (see ‘‘ Experimental’). From 
such a reaction mixture, benzoyl-p-methoxyphenyl-L-alanine ethyl ester 
was isolated in good yield. The rapid drop in observed rotation probably 
indicated very rapid azlactonization, the azlactone being levorotatory.’ 
The slow rise which followed this rapid decline in observed rotation must 
represent reaction of the optically active azlactone hydrobromide*® with 
the ethanol present in the solution to form detrorotatory benzoyl-p- 
methoxyphenyl-L-alanine ethyl ester. Since the pure, optically active 
ester was isolated in nearly 70 per cent yield, the racemization reaction 
must proceed much more slowly than the reaction with ethanol. Es- 
sentially the same results were obtained when ether containing ethanol 
was used as the solvent. 

Since phosphorus pentachloride has often been used for the prepara- 
tion of the so called acylamino acid chlorides, a study was made of the 
reaction of benzoyl-p-methoxyphenyl-L-alanine with this halogenating 
agent. Surprisingly enough, when the reaction was carried out in ethe- 
real solution, racemization was achieved within a few minutes, but in 
contrast to the behavior with phosphorus tribromide the solution re- 
mained perfectly clear. Concentration of the ethereal solution caused 
the separation of a product very similar to the hydrobromide salt except 
for its greater solubility in ether. Both products were exceedingly hy- 
groscopic and lost halogen in vacuo. Unless great care was taken to 
protect the reaction mixture from even traces of moisture, the only pro- 
duct isolated was benzoyl-p-methoxyphenyl-pL-alanine. When the phos- 
phorus pentachloride product was isolated under anhydrous conditions 
and allowed to react with aniline in ethereal solution, benzoyl-p-methoxy- 
phenyl-pL-alaninanilide was obtained. Similarly, if the initial product 
was treated with ethereal diazomethane and the halogen-free reaction 
mixture treated with aniline, the pL-anilide was obtained. 


*The Squibb group (4) showed that dextrorotatory benzoyl-p-methoxyphenyl-t- 
alanine yielded on treatment with acetic anhydride the levorotatory azlactone. 
With acetic anhydride, approximately 2 hours were required for maximum rotation 
change, and after 24 hours the rotation was zero. 

*The possibility that ethanol reacted with the acid bromide rather than the 
azlactone hydrobromide cannot be ruled out on the basis of this experiment. How- 
ever, since a great deal of independent evidence indicates that an acylamino acid 
halide per se has an extremely short half life, it would be more reasonable to expect 
that this rather slow reaction took place between the relatively more stable azlactone 

ide and ethanol. 
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These findings indicate that the oxazolone salt was formed, but thy: 
it either dissociated in ether or had a greater solubility in ether thay 
the corresponding hydrobromide salt. A careful ultraviolet absorption 
analysis of the benzoyl-p-methoxyphenylalanine-phosphorus pentachloride 


reaction mixture provided further evidence for azlactone formation jp _ 


this reaction. In Fig. 2 the curves of the absorption spectra of pur 
benzoyl-p-methoxyphenyl-L-alanine, pure 
oxazolone, and the reaction mixture of benzoyl-p-methoxyphenyl.. 


70} 
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Fic. 2. Ultraviolet absorption spectra. Curve 1, benzoyl-p-methoxyphenyl-t 
alanine; Curve 2, 2-phenyl-4-p-methoxybenzyl-5-oxazolone; Curve 3, reaction 
mixture of benzoyl-p-methoxypheny!-t-alanine plus 1 mole of PC. Ether solu. 
tions. Beckman quartz spectrophotometer. 


alanine plus 1 mole of phosphorus pentachloride are reproduced. An 
analysis of the K values of the three curves indicates an azlactone content 
of 82 per cent in the reaction mixture. 

The amount of phosphorus pentachloride used in this reaction was an 
important factor. If less than | mole of the halogenating agent was 
used, racemization was incomplete, while addition of an excess (3 or 4 
moles) caused a further reaction which was evidenced by a change in the 
ultraviolet absorption spectrum. The absorption maximum at 2280 A 
remained practically unchanged and a new peak appeared at 2550 A 
with a minimum at 2425 A. On working up the reaction mixture, 4 
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vellow crystalline solid was obtained. However, the spectrum of this 
material was still different from that of the reaction mixture. These 
absorption spectra are shown in Fig. 3. 

The yellow crystalline solid was shown to be 2-phenyl-4-p-methoxy- 
benzal-5-oxazolone by comparison with an authentic sample (8). These 


CH—CH:i—(_ D—OCH, 


1 
*N Cl 
C.H,-—-C 
O C==0 
N 
= 
C=0 


data seem best explained by the accompanying reactions. The oxazolone 
possesses an extremely active hydrogen atom which should be readily 
replaced by halogen. The unstable chlorine-containing intermediate 
may be responsible for the ultraviolet absorption spectrum of the re- 
action mixture, and would be expected to lose hydrogen chloride easily, 
yielding the unsaturated oxazolone. This method of dehydrogenating 
& saturated amino acid has certain advantages over that of Bergmann 
(9) and is being investigated further. 


Derivatives 


An attempt was made to convert carbobenzoxy-p-methoxyphenyl-.- 
alanine to its acid chloride by the action of phosphorus pewtachloride 
in ethereal solution according to the procedure of Bovarnick and Clarke 
(10). With their procedure the only product obtained was the corre- 
sponding N-carboxy anhydride. However, by lowering the tempera- 
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true and shortening the reaction time the acid chloride was obtained gs 
a colorless crystalline solid, which readily eliminated benzylchloride 
giving the N-carboxy anhydride. 

The stability of carbobenzoxyamido acid chlorides seems to be affected 
by minor changes in the procedure for their preparation, since other 
workers also have encountered difficulties in duplicating procedures 
described in the literature. In our experience carbobenzoxyamido acid 
chlorides should be prepared at low temperatures and used immediately. 


¥ 


> 


2000 2200 2400 2600 2800 3000 3200 3400 
WAVE LENGTH IN ANGSTROM UNITS 
Fic. 3. Curve 1, 2-phenyl-4-p-methoxybenzyl-5-oxazolone (ether solution); 
Curve 2, reaction mixture of benzoyl-p-methoxyphenyl-t-alanine plus 3 to 4 mole 
of PCI, (ether solution); Curve 3, the isolated product, 2-phenyl-4-p-methoxybeo- 
zal-5-oxazolone (95 per cent ethanol solution). 


° 


The acid chloride reacted with aniline to yield the optically active 
anilide, the properties of which were in good agreement with those re 
ported by Bovarnick and Clarke (10). In the reaction with diazome- 
thane, carbobenzoxy-p-methoxyphenyl-L-alany!] chloride yielded a yellow 
diazoketone which, in turn, was converted to the corresponding chloro- 


ketone by the action of anhydrous hydrogen chloride. These compounds — 
were obtained as optically active crystalline solids. No abnormal reac — 
tions were encountered and the ultraviolet absorption spectra (Fig. 4) — 


are in keeping with the structures assigned. 
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p- Toluenesulfonyl-p-methoxry phenyl-L-alanine Derivatives 


chloride was prepared 
from the acid and phosphorus pentachloride in excellent yield according 
to the procedure of Bovarnick and Clarke (10). The crystalline acid 
chloride reacted readily with methylaniline to yield the optically active 
methylanilide. Upon treatment with diazomethane the acid chloride 
vielded a crystalline diazoketone which was smoothly converted to the 
chloroketone by the action of hydrogen chloride gas. Optical activity 


Loc 


2000 2400 2800 3200 
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Fie. 4. Curve 1, Carbobenzoxy-p-methoxyphenyl-t-alanine; Curve 2, carbo- 
benzoxy-p-methoxyphenyl-t-alanyl chloromethane; Curve 3, carbobenzoxy-p- 
methoxyphenyl-t-alaninanilide. 95 per cent ethanol solutions. 


was retained throughout the series of reactions. p-Toluenesulfonyl-p- 
methoxyphenyl-t-alanine was also converted to the acid bromide by 
the action of phosphorus tribromide. Addition of ethereal diazomethane 
to an ethereal solution of the acid bromide yielded the corresponding 
uptically active bromoketone without isolation of the intermediate diazo- 
ketone. The infra-red absorption of p-toluenesulfonyl-p-methoxyphenyl- 
Lalanyl chloride was checked and found to contain the expected acid 
chloride band at about 1820 em.'. It was of interest to note that this 
acid chloride was not especially sensitive to water, and it could be kept 
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for several months in a vacuum desiccator without appreciable de — 


terioration. 
EXPERIMENTAL 
Preparation of Derivatiwe of 


Benzoyl-p-methoryphenyl-L-alanine compound was prepared ge. 
cording to the procedure of Stevens (11) by benzoylation of L-tyrosine | 
and methylation of benzoyl-L-tyrosine with dimethylsulfate in alkaline | 


solution. The final product was recrystallized from hot water and ben. 
zene. The pure benzoyl-p-methoxyphenyl-L-alanine was obtained 
fine colorless needles which melted at 135° (micro block)’ The specific 


rotation® was determined at several different concentrations and in sever) | 


solvents: [a]? = —25.2° (2.525 per cent in 50 per cent acetic acid): 
la)?’ = +123.7° (0.38 per cent in ether); la]> = +124.8° (0.56 per cent 
in chloroform); +107.8° (1.011 per cent in chloroform). 


Cyl yNO, (299.3). Calculated, N 4.68; found, N 4.83 


Benzoyl-p-methoxypheny!- 
L-alanine was azlactonized with acetic anhydride according to the method 
of Mohr and Stroscheim (12). After recrystallization from wam 
Skellysolve D (boiling range, 90-100"), the azlactone melted at 81-82’. 
Carter and Stevens (13) reported a melting point of 80-82” (capillary). 
The ultraviolet absorption spectrum of this azlactone in ether solution 
is characterized by two peaks, 2292 A (¢ 18,000) and 2410 A (e 16,000). 


CyHyNO, (281.3). Calculated, N 4.98; found, N 4.97 


Benzoyl-p-methoryphenyl-L-alanine Ethyl Ester —Benzoyl-p-methoxy- 
phenyl-t-alanine (504.1 mg., 1.72 mM) was dissolved in 50 ml. of mag- 
nesium-dried ethanol. The solution was cooled in an ice bath and 4 
stream of hydrogen chloride gas was passed into the solution for 10 min- 
utes. The temperature was allowed to rise to room temperature, and 
after about 20 hours the solution was concentrated to dryness tn vacuo. 
The residue was dissolved in chloroform and the solution extracted with 
6 per cent sodium bicarbonate solution. After washing the extract with 
water, and clarifying the solution by passing it through a pad of mag- 
nesium sulfate, the chloroform was evaporated. The oily residue soon 
crystallized and was recrystallized from ethanol-water. The slightly 


All melting points recorded here are uncorrected and were taken on a micro hot 
stage equipped with a low power microscope. 

* All the optical rotation data reported were determined with the use of a 1 dm. 
all-glass polarimeter tube. Concentrations are expressed as gm. per 100 ml. of 
solution. 
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yellow crystals weighed 414.6 mg. and melted at 90-92°. This material 
was recrystallized twice from ethanol-water and the slight color removed 
by treatment with Darco G-60. The vield of pure white crystals melt- 
ing at 92-92.5° was 374.5 mg. (66.8 per cent). fal,’ = +103.3° (0.663 
per cent in chloroform). 


(327.4). Calculated, N 4.28; found, N 4.43 


Benzoyl-p-methoryphenyl-pi-alanine Ethyl Ester—This ester was pre- 
pared from benzoyl-p-methoxyphenyl-pt-alanine by the same procedure 
as given above for the L isomer. After three reecrystallizations from 
ethanol-water the racemic ester was obtained as fine colorless needles; 
mp. 90-90.5", 

Carbobenzory-p-methoryphenyl-L-alanine—This compound was prepared 
as described by Stevens (11). The colorless crystals melted at 111-112’. 
igi = +13.9° (1.514 per cent in 95 per cent ethanol). 


Cull NOs (329.3). Calculated, N 4.25; found, N 4.24 


Chloride——(a) Under anhydrous 
conditions, a mixture of 4.5 gm. (0.0137 mole) of carbobenzoxy-p-methoxy- 
phenyl-L-alanine and 3.6 gm. (0.0173 mole) of phosphorus pentachloride 
in approximately 150 ml. of Grignard-dried ether was cooled to —5°, 
The mixture was shaken from time to time and then returned to the 
cooling bath. After 2.5 hours, most of the solid had dissolved and the 
hath had warmed to about 10°. After 3 hours some crystalline material 
had settled from the solution. This material was filtered and proved 
to be the N-carboxy anhydride (0.86 gm.). While the solution was 
sill cold, 150 ml. of Skellysolve C were added and the mixture concen- 
trated in vacuo. Within a few minutes a copious crystalline precipitate 
formed. This was collected, washed well with Skellysolve C, and dried 
ina vacuum desiccator. This material (1.71 gm.) was immediately 
wluble in ether and ethanol. The ethanol solution gave an immediate 
precipitate with aqueous silver nitrate. On the micro block, the color- 
less crystals became opaque at about 80°, but decomposed, like the N- 
carboxy anhydride, at 170-180° without giving a clear melt. The acid 
chloride could not be kept for more than a few hours at room tempera- 
ture before it passed to the N-carboxy anhydride. 

(6) In an attempt to repeat the preparation of Bovarnick and Clarke 
10), only the N-carboxy anhydride was obtained. Carefully dried 
carbobenzoxy-p-methoxyphenyl-t-alanine (4.50 gm., 0.0137 mole) was 
dissolved in approximately 150 ml. of Grignard-dried ether. 3.6 gm. 
(0.0173 mole) of finely pulverized phosphorus pentachloride were added 
and the reaction mixture allowed to stand at room temperature for 4 


Ta) 
id 

ant 

| 

on 

ly 

hot 
im 

of 


414 AZLACTONES. VI 


hours with occasional shaking. At the end of this time the solution ep. 
tained some crystalline material. This was removed by filtration gn; 
the filtrate concentrated tn vacuo. Four crops of crystalline solid wer 
collected as the solvent was removed by distillation to give a total viel 
of 2.57 gm. (85 per cent). This material contained no halogen and de. 
composed at 170-180° on the micro block without giving a clear me: 
For analysis the material was recrystallized from ethyl acetate. The 
dense colorless crystals obtained were insoluble in ether, but soluble jp 
ethanol. 


Calculated. Cc 59.72, iH 5.02, N 6.32 
(221.2) Found. “ 0.11, 5.33, “ 6.13 


p- material was pre. 
pared as described by Stevens (11). Mp. 139-141°; [aj]? = -—ay 
(2.0 per cent in 5O per cent acetic acid), 


CyHyNOD (349.4). Calculated, N 4.01; found, N 4.16 


Chloride —According to the 
procedure of Bovarnick and Clarke (10), a mixture of 5.50 gm. (0.0157 
mole) of p-toluenesulfonyl-p-methoxyphenyl-L-alanine and 3.6 gm. (0.0173 
mole) of phosphorus pentachloride in 200 ml. of Grignard-dried ether 
was allowed to stand at room temperature for 4 hours. |The solution 
was filtered through a carefully dried, sintered glass funnel and concen. 
trated tn vacuo. The colorless crystals which separated were collected 
in several crops, washed with redistilled Skellysolve B, and dried ina 


vacuum desiccator. The total yield of fine, rectangular plates melting | 


at 93-04° was 5.56 gm. or 96.5 per cent. Bovarnick and Clarke (10 
gave no physical constants for this compound. When analyzed as 4 


Nujol mull, this material was found to have a typical acid chloride band — 


at about 1820 em. in the infra-red. al} = +4.63° (1.156 per cent in 
chloroform). 


CyH SC! (367.8). Calculated, N 3.81; found, N 3.79 
Reactions of Benzoyl-p-methoryphenyl-L-alanine with Phosphorus Halide 


—Hydrobromide —Benzoyl-p- 
methoxyphenyl-L-alanine (1.00 gm., 3.34 mm) was weighed into a stand- 
ard taper Erlenmeyer flask and dried for 1 to 2 hours in a vacuum ovet 


at 50°. 150 to 200 ml. of ether were distilled from a mixture of sodium | 


dried ether and methylmagnesium iodide into the flask. The flask was 


stoppered and shaken until all of the crystals dissolved. Phosphors — 


tribromide’ (0.91 gm., 3.34 mM as 9.2 ml. of an ethereal solution contait- 


| 
| 


* For this work, Eastman’s white label phosphorus tribromide was distilled and ) 


stored in sealed ampuls. 


aE 


S 


SF. FSZER 


H. E. CARTER AND J. W. HINMAN 415 


ing 99.5 mg. of phosphorus tribromide per ml.) was added to the solution. 
Within a few minutes the solution became turbid and began to deposit a 
crystalline precipitate. After standing 2 to 3 hours the solid was col- 
lected in an atmosphere of dry nitrogen, washed thoroughly with Grig- 
nard-dried ether, and dried in a vacuum desiccator over phosphorus 
pentoxide to yield 1.20 gm. (99 per cent) of colorless, microcrystalline 
product, melting at 92-97°. On standing in the desiccator at room tem- 
perature the material gradually developed a yellow to tan color. On 
exposure to atmospheric moisture, it rapidly became sticky. 

Conversion to mg. (0.71 mM) 
of the hydrobromide salt were added to 20 ml. of water at room tem- 
perature. The solid soon became gummy, but did not dissolve. The 
supernatant was decanted and fresh distilled water added. After stand- 
ing overnight, the water was again decanted and 95 per cent ethanol 
added. The sticky solid became friable and most of it dissolved. The 
solution was concentrated in a stream of nitrogen and a little water added. 
Several hours later the crystals were collected, washed with water, and 
dried. The yield of benzoyl-p-methoxyphenyl-piL-alanine melting at 
178-179° was 169.9 mg. (80 per cent). fa], = 0 (0.495 per cent 
in chloroform). 

Conversion to Benzoyl-p-methoryphenyl-pi-alaninanilide—\ ml. of ani- 
line was added to a suspension of 250 mg. (0.71 mM) of pL-2-phenyl-4- 
p-methoxybenzyl-5-oxazolone hydrobromide in 35 ml. of dry ether. The 
mixture was shaken for a few minutes and then allowed to stand over- 
night at room temperature. The solid was collected, washed with dilute 
hydrochloric acid, water, sodium bicarbonate solution, and finally with 
water. After drying in the vacuum oven, the colorless crystals melted 
at 212-214° and weighed 190.8 mg. (72 per cent). The melting point 
was not depressed on admixture with an authentic sample of benzoyl- 
p-methoxyphenyl-pt-alaninanilide.” [a]? = 0 (0.319 per cent in 
chloroform). 


CyHaNO; (374.4). Calculated, N 7.48; found, N 7.27 


Reaction with Diazomethane—The hydrobromide salt (1 gm., 2.76 mm) 
was suspended in dry ether and treated with an excess of ethereal diazo- 
methane. After the vigorous evolution of nitrogen ceased, the solution 
was filtered free of a small amount of insoluble material and concen- 
trated to dryness in vacuo. The residue was dissolved in approximately 
40 ml. of warm Skellysolve D (boiling range, 90-100°); the solution was 
filtered, allowed to cool slowly to room temperature, and then cooled 

“On the micro block these crystals appear as transparent elongated plates which 


become opaque at 170-180°, begin to sublime at about 200°, and finally melt at 214- 
215°. Some of the crystals change from plates to long fine needles just before melting. 
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in the refrigerator overnight. A small seed crystal was scratched int 
the oil which separated. On cooling at dry ice temperature for a fey 
hours, most of the oil crystallized, yielding 0.45 gm. (58 per cent) of dense. 
pale yellow crystals of the free azlactone. This material melted at %- 
81° alone and at 80-82° when mixed with a sample of pL-2-phenyl-4-p. 


methoxybenzyl-5-oxazolone prepared by the acetic anhydride method | 


la], = 0 in hexane solution. 

Racemization of 
Chloroform (102.0 mg., 0.344 my 
(la]? = +105.4° (1.03 per cent in chloroform)) was weighed into a 16 
ml. volumetric flask and dried in a vacuum oven at 50° for 2 hours. The 


crystals were dissolved in ethanol-free chloroform," 93 mg. (0.34 my) 


of phosphorus tribromide added, and the solution made up to 10 ml. with 
ethanol-free chloroform. The solution became turbid immediately, » 
that the rotation changes could not be followed. 
solution was yellow but clear. [t was optically inactive. The solution 
was concentrated mm vacuo to a gum which solidified on treatment with 
water. 
cent) of benzoyl-p-methoxyphenyl-pi-alanine of melting point 17% 
179° were obtained. 

Reaction of Benzoyl-p-methoryphenyl-L-alanine With 1 Mole of Pho 
phorus Tribromide in Chloroform Containing Ethanol—-By means of the 
same technique as employed in the previous experiment, 100.5 mg. (0.3% 
mm) of benzoyl-p-methoxyphenyl-t-alanine were allowed to react with 
93 mg. (0.34 mm) of phosphorus tribromide in 10 ml. of Merck's reagent 
grade chloroform (about 0.7 per cent ethanol). The changes in th 
observed rotation are presented in Table I. 

After 54 hours, the solution was concentrated to dryness in vacuo and 
a few drops of water added to the oily residue. 
lidified, it was collected and washed with sodium bicarbonate solution 
and water. The material was then recrystallized twice from ethanol 
water, vielding 73.6 mg. (66.7 per cent) of beautiful colorless needles 
which melted at 92.5-93° alone and on admixture with benzoyl-p-me- 
thoxyphenyl-t-alanine ethyl ester. The ultraviolet absorption spectrum 
showed maxima at 2260 A (E}%,, 685) and at 2740 A (EY%,. 70) withs 
shoulder at 2820 A (E!%, 50). 
in chloroform). 


CypH NOg. Caleulated. C 69.70, ii 6.47, N 4.28 
(327.4) Found. “6, 638 


“ Reagent grade chloroform was shaken with concentrated sulfuric acid, washe: 
with water, dried over calcium chloride, and fractionated from fresh calcium chloride 


through a 30 cm. Ber! Saddles column. 


Alcohol-F re | 


After 15 hours the | 


After recrystallization from ethanol-water, 86.8 mg. (84.5 per — 


When the gum had 


lal” = +101.6° (0.662 per cent 
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When absolute ether containing a little ethanol was used as a solvent 
in place of the reagent grade chloroform, the results were essentially the 
ame. The optically active ester was obtained in approximately 70 
per cent vield. 

Reaction of Benzoyl-p-methoryphenyl-t-alanine with 1 Mole of Phos- 
phorus Pentachloride in (1 
gn., 3.34 mM) was dried for an hour in a vacuum oven at 50°. Grignard- 
dried ether (150 ml.) was distilled into the flask and 0.70 gm. (3.38 mM) 
of finely ground phosphorus pentachloride was added. The mixture 
was shaken until all the solids dissolved. After about 10 minutes a 
sample of the solution was found to have zero rotation. The reaction 
mixture remained perfectly clear. After 2.5 hours the solution was con- 
centrated in vacuo and white crystals began to form. Several crops of 


I 
Optical Rotation of Benzoyl-p-methozyphenyl-t-alanine Reaction with Phosphorus 
Tribromide in Chloroform 
Time Time Observed rotation 

0 +1.0 ca 35 +0.37 70 +0.59 

3 —0.02 37 +0.39 75 +0.61 

6 +0.04 40 +0.41 — 80 +0.61 (Solution turbid) 
0 +0.09 45 +0.45 8 Too turbid to read 

+0.15 +0.49 = es. 

+0.22 55 +0.51— 6 +0.62 (Solution turbid) 
25 +0.27 0 +0.53 25 +0.96 

w» +0.34 65 +0.56 54 +1.00 


| 
| 


this material were collected, washed with Skellysolve B, and dried in 
vacuo. The yield of hydrochloride salt was 0.93 gm. or 88 per cent. 
The material melted at 60-70°, then resolidified in rosettes which melted 
at 166-167°. The freshly prepared salt was soluble in ether and slightly 
soluble in water. Treatment of a dilute aqueous solution of this ma- 
terial with aqueous silver nitrate yielded a copious precipitate of silver 
chloride. However, after standing overnight the material was insoluble 
in ether and water, contained no halogen, and melted at 179-180° (after 
reerystallization from benzene). In the open air, the salt reacted with 
atmospheric moisture and was converted to benzoyl-p-methoxyphenyl- 
bDL-alanine 

A solution of 200 mg. (0.63 ma) of the freshly prepared salt dissolved 
in 20 ml. of dry ether was treated with 1.0 ml. of aniline. The solution 
vecame turbid immediately. After standing overnight, the solid was 
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collected and washed with water, dilute hydrochloric acid, sodium pj. | 
carbonate solution, and finally with water. The slightly colored, ery. 
talline product weighed 140 mg. (59.4 per cent). After recrystallization 
from acetone-methyleyclohexane, the colorless rods became opaque st 
120-140°, started to sublime at 205°, and melted sharply at 215°. The 
product was thus identified as benzoyl-p-methoxyphenyl-pL-alaninanilide 

For the ultraviolet absorption analysis, a reaction mixture containj 
100.2 mg. (0.335 ma) of benzoyl-p-methoxyphenyl-t-alanine and 73 mg 
(0.35 ma) of phosphorus pentachloride in 10 ml. of Grignard-dried ether 
was used. 15 minutes after the reaction was started, an aliquot way | 
removed and diluted with Grignard-dried ether. The curve obtaing 
was very similar to that of 2-phenyl-4-p-methoxybenzyl-5-oxazolone 
Analysis of the K values indicated the presence of about 82 per cent of 
the azlactone in the reaction mixture. 

Reaction of Benzoyl-p-methoryphenyl-t-alanine with Excess of Phos. 
phorus Pentachloride in Ether—A reaction mixture prepared under 
anhydrous conditions and containing 50.0 mg. (0.167 ma) of benzoyl-p- 
methoxyphenyl-L-alanine and 75 mg. (0.38 ma) of phosphorus pents- 
chloride in 10 ml. of Grignard-dried ether was subjected to ultraviolet 
absorption analysis. 30 minutes after the reaction was initiated, the 
absorption curve showed maxima at 2280 A and at 2550 A. 

For the isolation of the product indicated by the absorption spectrum, 
300 mg. (1 mM) of benzoyl-p-methoxyphenyl-1-alanine were dissolved 
in 60 ml. of Grignard-dried ether and treated with 0.8 gm. (about 4 mw) 
of phosphorus pentachloride. After standing at room temperature for 
2.5 hours with occasional shaking, most of the phosphorus pentachlonde | 
dissolved and the yellow solution was taken to dryness in vacuo. The 
residue was taken up in fresh ether; the solution was extracted with satu- 
rated sodium bicarbonate solution and with water. After drying over | 
magnesium sulfate, the ether was evaporated, leaving a quantitative — 
yield of fine yellow crystals which were characterized as 2-phenyl-+-p 
methoxybenzal-5-oxazolone. After recrystallization from ether or ethy! 
acetate the crystals melted at 158-159° alone and on admixture with a 
authentic sample of the azlactone prepared from hippuric acid and ans 
aldehyde (8). The ultraviolet absorption spectra (ethanol solution) 
of the two samples were likewise identical, showing maxima at 25104 
(e about 16,000) and 2595 A (« about 17,000) and a broad shoulder # 
about 2800 A (¢ about 11,000). 


= & 


Ci;yHyNOs. Calculated. C 73.11, H 4.69, N 5.02 
(279.3) Found. 72.99, 4.86, 4.92 
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Reactions of Carbobenzory-p-methoryphenyl-L-alanyl Chloride 


With Aniline —Aniline (1 ml.) was added to a solution of 0.50 gm. 
(1.4 mm) of the acid chloride dissolved in 25 ml. of dry ether. After 
standing overnight the mixture was poured into cold dilute hydrochloric 
acid. The precipitate was collected and washed with sodium bicarbon- 
ate solution and with water. This material was combined with a small 
crop of crystals obtained by evaporation of the ether and recrystallized 
twice from acetone-water to give 0.33 gm. (58 per cent) of shiny white 

On the micro block the platelets changed to needles at 160- 
170° and melted sharply at 177-178". {aj}? = —5.4° (0.62 per cent in 
chloroform); [a]?* = +16.4° (0.79 per cent in acetone). Bovarnick and 
Clarke (10) reported a melting point of 171-173° and [a]® = +22.3° in 
acetone (concentration not given). 


(404.5). Calculated, N 6.95; found, N 6.83 


With Diazomethane—The acid chloride (1 gm., 2.88 mm) was dissolved 
in 20 ml. of dry ether. The solution was filtered free of a small amount 
of the N-carboxy anhydride and added slowly to a 4- or 5-fold excess of 
ethereal diazomethane. After a few minutes the solution was filtered 
and concentrated in vacuo until crystals began to form. A little methyl- 
cyelohexane was added and the mixture cooled in the refrigerator. After 
several hours the pale yellow crystals were collected and dried. The 
light color and melting point of 65-85° with gas evolution at about 90° 
indicated that this material was a mixture of t} diazoketone and chloro- 
ketone. The material was then dissolved in e end hydrogen chloride 
gas was passed into the solution until the yc slor was discharged. 
The ether was removed in vacuo and the residue rvcrystallized from ether- 
methyleyclohexane to yield 0.43 gm. (41 per cent based on acid chloride) 
of carbobenzoxy-p-methoxyphenyl-t-alanyl chloromethane melting at 
lI4-115°. = -—38.8° (0.722 per cent in chloroform). 


(361.8). Calculated, N 3.87; found, N 3.96 
Reactions of p- Toluenesulfonyl-p-methoryphenyl-t-alanyl Chloride 


With Methylaniline—To a solution of 1.0 gm. (2.72 ma) of p-toluene- 
sulfonyl-p-methoxyphenyl-t-alanyl chloride in 30 ml. of dry ether was 
added a solution of 5 ml. of freshly distilled methylaniline in 10 ml. of 
dry ether. After standing at room temperature for 48 hours, the mix- 
ture was poured into cold dilute hydrochloric acid, shaken, and the 
layers separated. The ether layer was washed with water, sodium bi- 
carbonate solution, and finally with water. The solution was dried over 
Magnesium sulfate, then concentrated in vacuo until crystals separated. 
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The flask was stoppered and allowed to stand overnight. During this 
time a mixture of clustered needles and very large dense plates separated. 
Skellysolve B was added; the crystals were collected and dried. The 
yield of crude product was 1.0 gm. Recrystallization from ether-Skelly- 
solve B gave 0.92 gm. (77 per cent) of the methylanilide melting at 120- 
121°. [a] = +18.9° (1.05 per cent in 95 per cent ethanol). Bovarnick 
and Clarke (10) reported a melting point of 120° and [a]? = +18.8° in 
95 per cent ethanol. 


CoH (438.5). Calculated, N 6.39; found, N 6.14 


With Diazomethane—A solution of 870 mg. (2.36 mM) of p-toluene- 
sulfonyl-p-methoxyphenyl-L-alany! chloride in 25 ml. of ether was added 
slowly to a 5-fold excess of ethereal diazomethane. After standing about 
30 minutes, the solution was concentrated tn vacuo until crystals of the 
diazoketone began to form. The solution was cooled in the refrigerator 
and a few drops of methylcyclohexane were added from time to time. 
After 3 days the bright yellow crystals of the diazoketone were collected 
and washed with a little dry ether. Yield 388 mg. (44 per cent). M_p. 
87-88° with evolution of nitrogen at slightly higher temperatures. 
fa]? = —57.6° (1.05 per cent in ether). Further concentration of the 
mother liquor from the crystals yielded a yellow oil which appeared to be 
the sulfonamide N-methylated product. 

The crystalline diazoketone (100 mg., 0.268 mm) was dissolved in 12 
ml. of ether and treated with dry hydrogen chloride until the yellow 
color was discharged. The solution was allowed to evaporate until a 
few crystals formed, then methylcyclohexane was added and the solu- 
tion cooled in the refrigerator overnight. The yield of p-toluenesul- 
fonyl-p-methoxyphenyl-t-alanyl chloromethane (colorless _ platelets), 
after being washed with ether and dried, was 68.4 mg. (64.5 per cent). 
M.p. 111-112°. {aj3? = +29.4° (0.477 per cent in chloroform). 


CisHaNO SCI (381.9). Calculated, N 3.67; found, N 3.76 


p- Bromomethane—A_ mixture 
of 1.74 gm. (5 mm) of p-toluenesulfonyl-p-methoxyphenyl-L-alanine 
and 1.4 gm. (5 mm) of phosphorus tribromide in 150 ml. of Grignard- 
dried ether was allowed to stand for 6 hours at room temperature. A 
slight excess of ethereal diazomethane was then added slowly to the 
reaction mixture. The amount of gummy solid which separated was 
filtered off and the solution cooled over night in the refrigerator. An 
additional amount of the gummy solid separated. This was removed 
and the solution was allowed to stand at room temperature for 24 hours. 
During this time colorless crystals began to separate. The solution 
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was then concentrated tm racuo, and the crystals collected. The vield 
, was 1.76 gm. (82.5 per cent). For analysis a sample was recrystallized 
from ether. 01 92°. = +11.7° (O.S817 per cent in chloroform). 


Cus (426.3). Calculated, N 3.29; found, N 3.23 


SUMMARY 
| | A study has been made of the reactions of benzoyl, carbobenzoxy, and 
p-toluenesulfonyl derivatives of p-methoxyphenyl-L-alanine with phos- 


phorus tribromide and phosphorus pentachloride. The evidence ob- 
tained shows clearly that benzoyl-p-methoxyphenyl-L-alanyl chloride 
(or bromide) exists only momentarily, rearranging rapidly into the cor- 
responding salt of the azlactone and the latter racemizing rapidly. The 
| earbobenzoxy and p-toluenesulfonyl derivatives give the normal acid 
halides with retention of optical configuration. 


| The authors are indebted to Dr. Foil A. Miller and Mrs. Agatha R. 
Johnson, Division of Physical Chemistry, University of [linois, Urbana, 
for their able handling of the infra-red spectroscopy reported in this 
| paper, and to Mr. J. C. Brantley of the Division of Analytical Chemistry, 
University of Ilinows, and Dr. George Pish of the research laboratories 
of The Upjohn Company for the ultraviolet spectroscopy. 


2 BIBLIOGRAPHY 
y 1. Karrer, P., and dalla Vedova, H., Helv. chim. acta, 11, 368 (1928). 
. 2. Bergmann, M., Science, 79, 439 (1934). 
3. du Vigneaud, V., and Behrens, O. K., J. Biol. Chem., 117, 27 (1937). 
- 4. Clarke, H. T., Johnson, J. R., and Robinson, R., The chemistry of penicillin, 


- } Princeton, chapters 14 and 21, in press. 
5. Bergmann, M., Zervas, L., and Fruton, J.8., J. Biol. Chem., 116, 593 (1936). 
6. Synge, R. L. M., Biochem. J., 43, 99 (1948). 
7. Karrer, P., and Bussmann, G., Hele. chim. acta, 94, 645 (1941). 
8. Dakin, H. D., J. Biol. Chem., 8, 11 (1910). 
9. Bergmann, M., and Stern, F., Ann. Chem., 448, 20 (1926). 
10. Bovarnick, M., and Clarke, H. T., J. Am. Chem. Soc., 60, 2426 (1938). 
' Il. Stevens, C. M., Thesis, University of Illinois (1941). 
12. Mohr, E., and Stroscheim, F., Ber. chem. Ges., 42, 2521 (1909). 
13. Carter, H. E., and Stevens, C. M., J. Biol. Chem., 183, 117 (1940). 


SF AB TSB @ 


| 


7 
inh 
ges' 
wit! 
car! 
for 
stea 
the 
furt 
ture 
A 
ther 
carb 
rapl 
A fi 
lem| 
Cy 
cust 
and 
44> 
adde 
Was | 
Tt 

| of P 
pens! 
To 
dium 
from 


INTERACTIONS OF ATABRINE, THIAMINE, AND 
COCARBOXYLASE 


By MILTON SILVERMAN 


(From the Experimental Biology and Medicine Institute, National Institutes 
of Health, Bethesda, Maryland) 


(Received for publication, November 18, 1948) 


The observation that salts of the alkaline earth metals reverse the 
inhibitory effects of atabrine in the growth of Escherichia coli (1) sug- 
gested, as one possibility, that the inhibitor acts by forming complexes 
with metal-catalyzed enzyme systems. The effect of atabrine on yeast 
carboxylase was therefore investigated, but the results show no evidence 
for complex formation involving atabrine and this metallo-enzyme. _In- 
stead, the investigation has disclosed that atabrine competitively inhibits 
the dephosphorylation of cocarboxylase by a yeast phosphatase and, 
further, that the drug inhibits the synthesis of thiamine by yeast cul- 
tures. 


Methods 


A batch of brewers’ yeast which had been washed extensively in water, 
then dried and stored at room temperature, was used as the source of 
carboxylase. Atiozymase was prepared daily from this lot of yeast by 
rapidly washing 1 gm. with six successive 45 ml. portions of 0.1 m K,HPO,. 
A final washing was carried out with 25 ml. of 0.067 m KH,PO,. The 
temperature of the wash solutions was maintained at 10°. 

Cocarboxylase concentrations were determined manometrically by the 
customary Warburg procedures. The components of the assay system 
and the order of the additions to the vessels were as follows: (1) Mn**, 
4.4 X 10-* m; (2) standard cocarboxylase solution or sample; (3) thiamine, 
10“, or atabrine, 10-* m (see the text); (4) phosphate buffer, pH 6.1, 
2.7 X 107? m; (5) atiozymase, 50 mg. in solution (4); (6) sodium pyruvate, 
2.7 X 107? Mm; total volume 2.5 ml.; temperature 30°. The pyruvate was 
added after temperature equilibrium was attained and the CO, evolved 
was measured after 15 minutes. 

Thiamine concentrations were determined by a thiochrome procedure 
of Papageorge and Lamar (2). Thiamine was extracted from cell sus- 
pensions by boiling for 1 minute in 0.05 n HCl. 

Torula utilis, ATCC 9255, was grown in the mineral salts-glucose me- 
dium of Gray and Tatum (3). The inoculum employed was the growth 
from 10 ml. of 1 per cent Bacto-peptone incubated at 30° for 24 hours. 
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The cells were washed twice by centrifugation with saline and then added 
to 500 ml. of the mineral salts medium. 


Results 


The effect of the addition of atabrine to the carboxylase system was 
first investigated. Examination of Fig. 1 shows the dependence of the 
test system on the presence of cocarboxylase and manganese. In the 
absence of either of the two factors carboxylase activity was negligible. 
Under the conditions indicated about 0.8 & 10°* mole of cocarboxylase 
and 1.1 XK 10°* mole of Mn** were required to saturate the system, 


/00 


Fig. 1. Atabrine and carboxylase activity. Components of reaction mixture: 
100 mg. of alkaline-washed yeast; phosphate 2.7 * 10°? mu, pH 6.1; cocarboxylase 
8 X mw; Mn** 4.4 X 10°* Mm; sodium pyruvate 2.7 K mM; volume 2.5 ml.; tem- 
perature 30°. Curve A, system lacks Mn**; Curve B, system lacks cocarboxylase; 
Curve C, complete reaction mixture; Curve D, complete reaction mixture + 8 X 
atabrine. 


These points are brought out to indicate that almost complete dissocia- 
tion of the enzyme had occurred during the washing procedure and thus 
the drug would be given a favorable opportunity to interfere with the 
reconstitution of the carboxylase system. However, with the addition 
of atabrine (8 K 10‘ 4) the rate increased more than 2-fold (Fig. 1). 

This stimulation of carboxylase activity by atabrine was now in- 
vestigated. In the absence of added cocarboxylase, atabrine was without 
effect and it became apparent that the action of atabrine was similar to 
that of thiamine first reported by Ochoa (4). Westenbrink et al. (5) 
showed that the stimulatory effects of thiamine were due to the inhibition 
of a yeast phosphatase which dephosphorylates cocarboxylase. 
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The atiozymase preparation employed was a potent source of phos- 
phatase. This is indicated in Tables I and II, which illustrate the rate 
of disappearance of cocarboxylase and the rate of formation of free thi- 
amine from cocarboxylase by this atiozymase preparation. The initial 


Taste 
Destruction of Cocarborylase by Alkaline-Washed Y east 


20 min. 


Resides! cocarborylase 0 min. | $ min. | 10 min. 1S min. | 

1.0 | 0.44 0.38 | 

B. 10 | 0.50 0.31 

| 08 | | | O88 


Values in 10~* mole; alkaline-washed yeast 100 mg.; phosphate 2.7 K 10-* m, pH 
6.1; volume 2.5 ml.; temperature, 24°. The reaction was stopped at the indicated 
time by bringing the sample to a rapid boil over an open flame and boiling 1 minute. 
The supernatant solution after centrifugation was diluted for analysis. 


Taste Il 
Formation of Thiamine from Cocarborylase 
Thiamine 0 min. | $ min 10 min. | 1S min. | 20 min. 
A. | 1.08 


Values in 10°* mole; alkaline-washed yeast 100 mg.; initial cocarboxylase 10~* 
moles; phosphate 2.7 * 10-4 m, pH 6.1; volume 2.5 ml.; temperature, 24°. 


Taste Ill 
Effect of Atabrine on Cocarbozylase Destruction 
Atabrine concentration 
10°* mole 
0.35 0.15 0.07 0.07 
B 0.35 0.13 0.07 0.05 


Initial cocarboxylase, 0.4 X 10°" mole; time, 10 minutes; the other conditions are 
as in Table I. 


concentration of cocarboxylase was reduced by about 50 per cent in 5 
minutes. 

The effect of atabrine on the destruction of cocarboxylase by the washed 
yeast preparation is indicated in Table III. With atabrine at a concen- 
tration of 10-* m, the inhibition of phosphatase activity is almost complete. 
A slight effect is evident at 10-° m under the test conditions employed. 
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A comparison of the effects of thiamine and atabrine on the activity 
of the carboxylase preparation is shown in Table IV. With the concen- 
tration of cocarboxylase employed, 4 K 10-7 M, maximum activity was 
obtained with thiamine at about 10-* m; with atabrine, at about 10° 


Taste IV 
Comparison of Thiamine and Atabrine Effects on Carborylase Activity 
Concentration 
Thiamine. ._. 105 139 166 231 243 245 
Atabrine. _.. 1s 224 | 252 


Values in c.mm. of CO; per 15 minutes. Alkaline-washed yeast 50 mg.; phosphate 
2.7 X Mm, pH 6.1; Mn** 4.4 10-* m; Na pyruvate 2.7 10-*m; cocarboxylase 
4 X 10-7 m; volume 2.5 ml.; temperature, 30°. 


| 


> 


is 


Fig. 2. Velocity of yeast phosphatase action in presence of several concentra- 
tions of cocarboxylase and atabrine. Curves A, B, and C represent mixtures con- 
taining 0, 10-*, and 5 10°* atabrine. S represents molar cocarboxylase 10°; 
V represents moles X 10°* cocarboxylase inactivated in 10 minutes. 


m. Thus thiamine seems to be about 10 times more effective than at- 
abrine as an inhibitor of the phosphatase activity. 

The nature of the atabrine inhibition of phosphatase action appears to 
be that of competition. This is indicated by the data plotted in Fig. 2. 
The reciprocal of the reaction velocity is plotted against substrate concen- 
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tration in the presence and absence of atabrine. The progressive increase 
in slope with increase in concentration of atabrine, together with the 
apparent common intercept, indicates that the inhibition is competitive 
in nature (6). 

The antimalarial drug, chloraquine, is more potent than atabrine as 
an inhibitor of the yeast phosphatase which splits cocarboxylase (Table 
\). Its effect was evident at a concentration of 1O-*m. The basic drugs, 
quinine, paludrine, and stilbamidine, had little or no effect. In a study 
of cholinesterase activity, Wright and Sabine (7) obtained somewhat 
similar results. They report that atabrine and chloraquine are far more 
effective than quinine or paludrine as inhibitors of cholinesterase. In 
examining Table V, it must be borne in mind that an inhibition of the 
cocarboxylase-cleaving mechanism is indicated by increased carboxylase 
activity. 


Tasie V 
Effect of Drugs on Carborylase Activity 
Concentration Atabrine Quinine Chloraquine Stilbamidine 
0 52 52 52 52 | 52 
10-* 62 52 5A 93 | 57 
10-* S4 5O 51 157 57 
10-* 178 55 45 198 | 45 
1o"* 237 69 5O 237 | 62 


Values in c.mm. of COs per 15 minutes. The test conditions are as in Table IV. 


Massart et al. (8) have shown that cations can prevent the combination 
of basic dyes with yeast cell enzymes. However, Ca**, which completely 
negates the action of atabrine in the growth of Escherichia coli (9), was 
without effect in reducing the toxicity of the drug for the yeast phospha- 
tase. These negative results were obtained with Ca** at a level of 6 X 
10-* and atabrine at concentrations of 10-* and 8 K 

Yeast carboxylase itself is relatively insensitive to the action of the 
antimalarial. A 20 per cent reduction of the maximum activity was 
observed with atabrine at a concentration of 1.2 K 107? Ma. 

The effect of atabrine on yeast growth activity with respect to crop 
yield and thiamine and cocarboxylase cell content was next examined. 
The yeast Torula utilis was employed in these studies. This organism 
grows well in a mineral salts-glucose medium and its growth is markedly 
stimulated by the addition of thiamine. An examination of freshly har- 
vested cells (18 hours old) grown without added thiamine showed that 
they contained less than 0.2 y of free thiamine per gm. (dry basis). Thus 
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the cellular thiamine is almost completely in the form of cocarboxylase 
(Table V1). 

The effects of atabrine are shown in Table VI. In the absence of 
added thiamine, increasing concentrations of atabrine progressively in- 
hibited the cell yield and, associated with this, a progressive decrease in 
cocarboxylase content occurred. In the presence of added thiamine, the 
crop yield was somewhat more than doubled and the cocarboxylase con- 
tent increased 8- to 10-fold. Again, progressive decreases in cell yield 
were observed with increasing atabrine concentrations. However, no de- 


Tasie VI 
Efect o of Atabrine on Cocarborylase Formation and Cell Yield 
No thiamine $x 

Atabrine, m.. 0 0 
Yield, mi.. 0.19 0.45 

Atabrine, mw. | @ 5 x 
Yield, af... 020 O.D 0.43 0.45 
ee y per gm. 45.0 42.5 339 346 

Atabrine, 0 0 
Yield, mil.. 020 £0.16 0.35 
per gm. 37 33.3 296 272 

Atabrine, 0 2 xX 10°* 0 2x 
Yield, ml. 7 0.19 0.12 0.41 0.33 
Cocarboxylase, 7 per gm. 47.0 31.6 358 351 

Atabrine, 0 2x lo 0 2x lo 
Yield, mil.. | 0.18 0.12 0.36 0.19 
Cocarborylase, » y per gm. 39.7 27.0 329 359 

Atabrine,mw..... 0 3 x 10° 
Yield, mil.. 0.39 0.15 
Cocarboxylase, per om. 324 317 


The yields are expressed in terme of packed cell paste secovered. on centrifugation 
from 500 ml. of mineral salts medium after 18 hours incubation at 30°. Cocar- 
boxylase concentrations are expressed in micrograms per gm. of dry cell weight. 


creases in cocarboxylase content occurred. Apparently atabrine inter- 
ference with thiamine metabolism in the growth of Torula utilis involves 
a step in the synthesis of thiamine and not the conversion of the latter to 
cocarboxylase. 


DISCUSSION 


Because (a) atabrine bears some structural relationship to riboflavin 
and (b) the drug can interfere with reactions involving flavin nucleotides, 
some support has been given to the concept that a flavin inhibitor an- 
tagonism exists which is specific for atabrine (10-13). However, there 
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are objections to accepting the flavin-atabrine antagonism as specific in 
nature. Hellerman et al. (14) have already pointed out some inconsist- 
encies. The data reported now dealing with atabrine and thiamine 
relationships indicate that the growth-inhibitory action of atabrine is not 
limited to interference of systems involving flavin derivatives. In this 
connection it may be noted that riboflavin was no more effective than 
thiamine or several other B vitamins in reversing the bacteriostatic action 
of atabrine in the growth of Escherichia coli (15). 

It seems unlikely that the inhibition of cocarboxylase dephosphoryla- 
tion observed in dried yeast preparations plays a réle in the inhibition of 
cell growth. One would expect that, if the inhibition of cocarboxylase 
cleavage were associated with inhibition of yeast growth, increases in 
cellular cocarboxylase would occur in cells whose growth was limited by 
the presence of atabrine. However, cells grown in the presence of atabrine 
have cocarboxylase concentration below or equal to that of normal cells. 

Hegsted et al. (16) have reported that atabrine exerts a thiamine-spar- 
ing action in the growth of rats fed a thiamine-deficient diet. A some- 
what similar picture is presented by the action of atabrine as it affects 
carboxylase activity in dried yeast. In this instance, however, atabrine 
exerts a “‘cocarboxylase sparing” action by inhibiting inactivation of the 
coenzyme. It may very well be that the sparing action of atabrine in 
the rat results from its interference with cellular mechanisms which nor- 
mally convert the enzymatically active form of thiamine, diphosphothi- 
amine, to inactive forms. 


SUMMARY 


1. Atabrine competitively inhibits the dephosphorylation of cocarboxy- 
lase by a dried veast preparation. Chloraquine is a more effective 
inhibitor than atabrine, whereas quinine, paludrine, and stilbamidine are 
without effect. 

2. Atabrine inhibits the synthesis of thiamine by growing cells of Torula 
utilis. At concentrations causing growth inhibition the drug is without 
effect on the conversion of thiamine to diphosphothiamine. 

3. Thiamine in freshly harvested cells of Torula utilis is almost com- 
pletely in the form of cocarboxylase. 

4. It is concluded that the atabrine inhibition of cocarboxylase de- 
phosphorylation observed in dried yeast preparations does not have a 
rile in accounting for the growth-inhibitory effects of the drug. 
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THE ULTRAVIOLET ABSORPTION SPECTRA OF THE 
PYRIMIDINE RIBONUCLEOSIDES AND 
RIBONUCLEOTIDES* 


By JAMES McT. PLOESERt ann HUBERT 8S. LORING 


(From the Department of Chemistry and the School of Medicine, Stanford University, 
California) 


(Received for publication, November 22, 1948) 


It is well known that the high and characteristic absorption of nucleic 
acids in ultraviolet light is due to the absorption of their purine and pyrimi- 
dine components. Several workers have measured the absorption curves 
of the amino- and oxypurines (1-3) and Jordan has obtained similar data 
for adenosine and guanosine and for the corresponding nucleotides (3). In 
the latter instances substitution of the carbohydrate radical in position 9 
of the purine ring does not change the absorption appreciably, but, as shown 
by Gulland and coworkers (4), substitution in the 7 position of either 
adenine or guanine causes definite changes in the absorption spectra. 

Although the absorption curves of the free pyrimidines, uracil, cytosine, 
and thymine (2, 5, 6), and of thymine desoxyriboside (7) have been de- 
termined, similar data have not been published for the corresponding 
ribonucleosides, cytidine and uridine, or for the nucleotides, cytidylic 
acid and uridylic acid. With the growing interest in the metabolism of 
these compounds (8, 9), knowledge of their absorption characteristics 
would be useful for their determination in biological material. As it has 
been possible recently to prepare them in appreciable yield and of a high 
degree of purity (10, 11), we have accordingly measured their absorption 
in comparison with the free pyrimidines, cytosine and uracil. As all of 
these compounds may exist in different tautomeric forms, depending on 
the hydrogen ion concentration of the solvents employed, dilute acid and 
dilute alkali were used to provide conditions under which one or the other 
form would be present. For comparison 0.05 m phosphate buffer at pH 7.0 
was also used. 


EXPERIMENTAL 


Materials—Synthetic samples of cytosine and uracil (12) as well as a 
commercial sample of uracil (Eastman Kodak Company) were used. 
Both uracil samples were recrystallized several additional times from 
water and melted with decomposition at 329-333° (when placed in a melt- 


* Aided by a grant from the Rockefeller Foundation. 
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ing point block at 315°). They were dried to constant weight in vacuo 
over phosphorus pentoxide at 100° before using. The sample of cytosine 
was recrystallized two additional times from water. It melted with de- 
composition at 315-318° and was used in the form of the monohydrate. 

Cytidine, uridine, cytidylic acid, and diammonium uridylate were pre- 
pared by methods developed in this laboratory (10, 11). The first three 
compounds were dried to constant weight in vacuo over phosphorus pent- 
oxide at 100°. The diammonium uridylate was used as the monohydrate 
(10). 

Solutions—Stock solutions of each compound were prepared containing 
approximately 0.1 mm in 100 ml. of distilled water. 10 ml. aliquots were 
diluted to 100 ml. with 0.05 m potassium phosphate buffer at pH 7.0 for 
measurements at this pH or with sufficient standard hydrochloric acid or 
sodium hydroxide to give solutions that were 0.01 N with respect to acid or 
alkali. 

Optical M ethods—All measurements were made on a model DU Beckman 
spectrophotometer with the ultraviolet light attachment. Standard cali- 
brated silica cells, 1 cm. wide with a light path of 1 cm., were used through- 
out. Both the test solution and the appropriate blanks were pipetted into 
the cells. Extinction readings were usually made with the selector-switch 
in the 1.0 position, but where the density values were larger than 1.0, 
greater accuracy was obtained by using the selector-switch in the 0.1 
position. The wave-length scale was calibrated by using a mercury vapor 
lamp, the 253.6 and the 365.0 my bands being used. Density measure- 
ments on a standard potassium chromate solution (5.00 XK 10~ Mm an- 
hydrous potassium chromate in 0.05 m potassium hydroxide) checked the 
values recorded in the literature (13). 


RESULTS AND DISCUSSION 


Uracil and Cytosine The absorption curves of uracil and cytosine in 
the solvents mentioned above are shown in Figs. 1 and 2. The results 
with cytosine are in good agreement with the previously published data 
(6), even though slightly weaker alkali was used in the present experiments. 
Those with uracil show general agreement as to the wave-lengths at which 
maxima and minima have been found previously, but differ significantly 
in the value of the molecular extinction coefficient, Ey. Thus in acid or 
neutral solution the value for Ey may be observed to vary from about 8200 
found in the present experiments for both 0.01 ~ hydrochloric acid and 
phosphate buffer at pH 7.0 to 9500 found at pH 2.6 and 6.5 (5), and to 
11,000 found for a solution in a WKolthoff buffer at pH 3 (14). Whether 
the discrepancies are due to differences in the uracil samples, resulting 
possibly from their preparation under different light conditions (5), or to 
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the methods of measurement employed is not apparent, but the two 
preparations used in the present experiments gave identical results within 
experimental error in three duplicate experiments carried out on each 
sample. It should be pointed out that no unusual precautions were 
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Fie. 1 Fia. 2 


Fics. 1 anv 2. Absorption curves of uracil (Fig. 1) and cytosine (Fig. 2). O, in 
0.01 N sodium hydroxide; @, in 0.05 m potassium phosphate buffer at pH 7.0; and @, 
in 0.01 n hydrochloric acid. 
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Fic. 3. Absorption curves of uracil under different conditions of alkalinity. ©, 
in 0.05 m potassium phosphate buffer at pH 7.0; 0, in water at pH 9.0 to 9.5; @, in 
Kolthoff buffer at pH 11 (14); and A, in 0.001 n, and O, in 0.01 n sodium hydroxide. 


taken to avoid exposure of the crystalline samples to light other than to 


_ avoid direct contact with sunlight. 


It is of interest from the standpoint of the tautomeric equilibria con- 
cerned that both uracil and cytosine show absorption maxima near 280 
my in alkali. The absorption curves of uracil at pH 7.0 and in 0.01 N 
alkali are reproduced in Fig. 3 in comparison with the absorption data 
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found in 0.001 w alkali and with the previously published data for uracil 
at a pH estimated to be between 9.0 and 9.5 (5) and with data obtained 
in a Kolthoff buffer at pH 11 (14). The lack of agreement between our 
results in 0.001 n alkali at approximately the same pH as that of the 
Kolthoff buffer is evident. It seems likely that the increased absorption 
in the buffer solution is due to certain of the buffer constituents, which, 
however, were not given in the publication cited. It may be seen from a 
comparison of the other data that the value for the molecular extinction 
at 260 my observed in phosphate or in acid decreases as the solution is 
made alkaline and practically disappears in 0.01 N alkali concomitant with 
the appearance of the new maximum at 280 my. As the pK value of 
uracil is 9.45, it is evident that the appearance of the second maximum is 


cs) 290 my 
Fie. 4 5 


Fics. 4 anp 5. Absorption curves of uridine (Fig. 4) and uridylic acid (Fig. 5). 
The symbols refer to the same solvents as in Fig. 1. 


correlated with salt formation and probably with the development of a 
more fully aromatic structure, as the hydrogen atom at position | or at 
position 3 is shifted to 6 or 2, respectively, under these conditions. 
Uridine and Uridylic Acid —The absorption curves of uridine and uridylic 
acid are presented in Figs.4and5. A comparison of the graphs shows that 
the two compounds gave almost identical results over the wave-lengths 
studied. Substitution of the phosphate group in the 3’ position of the 
ribose side chain has no appreciable effect on the pyrimidine ring structure 
present in uridine itself. The absorption curves for uridine and uracil, 
however, are significantly different. In acid or in neutral solution the 
curves are similar in appearance, but the absorption maximum of uridine 
has a value of about 9800, as compared to about 8200 for uracil. In alkali, 
although the maximum with uridine is decreased to 7400, there is no 
corresponding shift towards the longer wave-lengths. A possible explana- 
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tion for the difference in the two cases is that substitution of the labile 

hydrogen atom in position 3 of uracil with the stable ribosidic linkage has 

eliminated the possibility of the fully aromatic pyrimidine ring which may 
, be formed with either uracil or cytosine in the presence of alkali. 
| A comparison of the absorption curves of uridine and of thymine des- 
| oxyriboside (6) shows a striking similarity between the two under the same 
| conditions. In acid or in alkaline solution nearly identical values for the 
| molecular extinction coefficient are found for both compounds. The pres- 
, ence of the methyl group in the 5 position of the pyrimidine ring in thymine 
| desoxyriboside, however, results in a slight shift of the maximum and 
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290 230 260 290 my 
Fia. 6 Fic. 7 


Fias. 6 anp 7. Absorption curves of cytidine (Fig. 6) and cytidylic acid (Fig. ND. 
The symbols refer to the same solvents as in Fig. 1. 


t minimum towards the longer wave-lengths. While no similar proof of 

the location of desoxyribose at the 3 position of the pyrimidine ring in 
. thymine desoxyriboside has been offered, as in the case of uridine, the 
t similar absorption characteristics of the two compounds in acid and in 
, alkali provide evidence that this is actually the case. Thymine in which a 
° hydrogen atom is present in the 3 position shows a similar shift in absorp- 
. tion maximum to 200 mag in alkali as that found for uracil (7). 


, Cytidine and Cytidylic Acid—-The absorption curves of cytidine’ and 
e _— ¢ytidylic acid are shown in Figs. 6 and 7 and their absorption character- 
~ | ‘In recent publications (15) Hotchkiss and Reichard independently present 
l, absorption data for cytidine at various wave-lengths. The values given are similar 
0 but not identical to those calculated from the data found for the highly purified 


“ samples used in the present publication. 
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istics in comparison with uracil, cytosine, uridine, and uridylic acid are 
summarized in Table I. It may be seen that the curves for cytidine and 
cytidylic acid are identical within experimental error. In acid the same 
maximum was found at 280 my and the same minimum at 240 mu, and the 
value for the molar extinction coefficient was approximately 12,750 in each 
case. Curves of similar shapes that were characteristically different 
from those in acid were found in both phosphate and in alkali. Under 
these latter conditions, as with cytosine, the absorption maxima for both 
compounds were also shifted to 270 mu. Values of the molecular extine- 
tion coefficient at this wave-length were reduced to about 9000, but the 
differences between the results in phosphate and in alkali were not as 
pronounced as in the case of cytosine. At the same time the amount of 


Taste I 
Absorption Characteristics of Cylosine, Uracil, Cytidine, Uridine, Cytidylic Acid, 
and Uridylic Acid 
Ey = molar extinction coefficient. 


Potassium Sodium bhydroside 


Masima Minima Marima Minima Matima Minima 


Cytosine 6,200) 249) 4360) 271] 5870, 249) 3550) 274) 10,140 1170 
Uracil 8,200) 228) 1750, 284) 6230, 242) 2220 8,130 228) 1610 
Cytidine 70) 8,830 250) 6360) 271) 8900 250) 6410) 279) 12,750) 241) 1550 
Uridine 9,820) 230) 1960) 261| 7400 22 5560), 262) 9,930, 230) 2060 
Cytidylic acid 270) 8,970 250) 6680 272) SSSO, 250) 6780, 278) 12,720 240) 1870 
Uridylic acid 262/10,040 230) 1950 261 7290, 242, 5370, 9, 890, 10) 


absorption at 230 my was greatly increased, the curves showing a definite 
shoulder or plateau at this point in contrast to those for cytosine under the 
same conditions. The curves for cytidine and for cytidylic acid in alkali 
and in phosphate could scarcely be distinguished from each other. Be- 
cause of the high absorption of cytidine and cytidylic acid at 270 to 280 
my, it is evident that either compound may be confused with the aromatic 
amino acids, tyrosine and tryptophan, which also absorb strongly at these 
wave-lengths ((13) p. 185). 

Of the three solvents employed, the largest differences in absorption 
between the amino and oxy compounds occurred when phosphate buffer at 
pH 7 was used. As the use of such a buffer provides more reproducible 
conditions than the use of distilled water, it would appear to be more 
suitable for characterization of the individual compounds. It is also 
apparent, however, that with uridine and uridylic acid the position of 
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the absorption maximum remains the same, regardless of the solvent used, 
while in all the other cases significant shifts occur as either acid or alkali 
js used, and that absorption measurements in both of these solvents can 
be of value in the identification of the individual pyrimidine derivative. 


SUMMARY 


The absorption spectra of uridine and cytidine in comparison with the 
corresponding free pyrimidine bases, uracil and cytosine, and with the 
corresponding nucleotides, uridylic acid and cytidylic acid, have been 
determined in phosphate buffer at pI! 7.0, in 0.01 ~ hydrochloric acid, and 
in 0.01 sodium hydroxide. 

The absorption curves of uridine closely resemble those for uridylic 
acid and are different in several respects from those for uracil or for cytidine 
or cytidylic acid under similar conditions. The last two compounds men- 
tioned show very nearly the same absorption characteristics, which are 
also different from the free base, cytosine. Phosphate buffer at pH 7.0 
isa more suitable solvent for the characterization of either the free pyrimi- 
dines or the nucleosides or nucleotides. 

The close similarities between the absorption curves of uridine and 
thymine desoxyriboside in acid and in alkali are offered as evidence that 
the desoxyribose group in thymine desoxyriboside is substituted in the 3 
position of thymine. 
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California) 


(Received for publication, November 22, 1948) 


Although acid hydrolysis of yeast ribonucleic acid has been used as a 
standard procedure for the preparation of the pyrimidine ribonucleotides 
((1), (2) p. 221), it has not been used extensively for obtaining the cor- 
responding nucleosides. Under extremely vigorous conditions (2 hours at 
175° in 25 per cent sulfuric acid) the free pyrimidines, uracil and cytosine, 
have been the products isolated (3). That it is possible to prepare cytidine 
after hydrolysis of cytidylic acid or nucleic acid with 10 per cent sulfuric 
acid at 130° in a sealed tube was shown by Levene (4) and by Loring and 
Pierce (5) in experiments in which either cytidine was the only product 
isolated or the yield of cytosine was relatively small. Of the two com- 
monly accepted procedures for the preparation of the pyrimidine nucleo- 
sides, ammoniacal hydrolysis under pressure ((6) p. 112) or refluxing with 
pyridine (7), the former is difficult to carry out on a preparative scale in 
many biochemical laboratories because of a lack of suitable high pressure 
equipment. The second procedure requires a relatively expensive reagent 
and in our laboratory has given low yields of cytidine (5).' In an attempt 
to improve the method for the preparation of these compounds, experi- 
ments were conducted to determine the usefulness of acid hydrolysis under 
reflux conditions as a method of obtaining cytidine and uridine. 

As inorganic phosphate is slowly liberated from the pyrimidine nucleo- 
tides during acid hydrolysis ((6) p. 44), it is evident that the success of 
the method for the preparation of the nucleosides depends on the relative 
rates both of liberation of inorganic phosphate and of destruction of 
pyrimidine nucleosides under these conditions. The stability of cytidine 
and uridine to acid hydrolysis was determined by assaying solutions of 
known concentration for pyrimidine nucleoside activity with the pyrimi- 
dine-deficient Neurospora mutant 1298 after refluxing in solutions of dif- 
ferent normalities for different lengths of time. The results showed that 


* Aided by a grant from the Rockefeller Foundation, 

t National Institute of Health Predoctorate Fellow, 1948. 

' Harris and Thomas (8) have isolated uridine in a yield of 12 per cent after pyri- 
dine hydrolysis of yeast nucleic acid. 
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pyrimidine nucleoside activity was not significantly affected after boiling 
for 24 to 48 hours in solutions that were | N or less with respect to acid 
but that refluxing with 6 \ acid caused appreciable loss ofj activity after 24 
hours. Experiments on the liberation of inorganie phosphate from ey. 
tidylic acid and from yeast nucleic acid in boiling 0.4.‘ sulfuric acid showed 
that approximately 48 hours were required for the complete hydrolysis to 
the nucleoside stage. Application of the cytidine-uridine fractionation 
procedure (9) to a solution of cytidine that had been refluxed in 04 x 
sulfuric acid for 48 hours provided evidence that cytidine was converted 
to uridine under these conditions, and this result was confirmed by spee. 
trophotometric analysis of the hydrolysate, by estimation of the ammonig 
formed, and by isolation of crystalline uridine. 

On the basis of the above-mentioned results, it has been possible to 
devise a relatively simple method for the preparation of uridine from 
yeast nucleic acid. The nucleic acid is first subjected to acid hydrolysis 
in 0.4 ~ sulfurie acid for 2 hours and the liberated adenine and guanine 
removed by silver precipitation. After removal of excess silver, the filtrate 
containing the pyrimidine nucleotides is refluxed for an additional 44 
hours, and the remaining cytidine and other basic substances are removed 
with phospho-12-tungstic acid. The excess phospho-12-tungstic acid and 
phosphate ions are removed by the addition of barium hydroxide to pH 8 
Traces of inorganic and organic ions are removed by successive treatments 
with Duolite C-3 and A-2 and the resulting filtrate after evaporation toa 
syrup crystallized by the addition of alcohol. Yields of 12 to 13 per cent 
uridine based on the original nucleic acid have been obtained. 

After a shorter period of acid hydrolysis of veast nucleic acid, it was 
also possible to isolate cytidine nitrate in a vield of 3.1 per cent. This 
latter procedure, however, does not appear to be as advantageous for the 
preparation of cytidine as that given by Bredereck ef al. (7). A simple 
and convenient method for the preparation of free cytidine from cytidine 
nitrate by the use of Duolite A-2, however, has been developed. The 
details of the several experiments mentioned above are presented in this 


paper. 
EXPERIMENTAL 


Stability of Pyrimidine Nucleosides As Compared to Rates of Liberation 
of Inorganic Phosphate from Cytidylic Acid and from Yeast Nucleic Acid— 
The stability of cytidine to acid hydrolysis was determined by refluxing 
solutions containing 0.4 mg. of cytidine per ml. in 0.1, 0.2, 1, and 5.5 
sulfuric acid and in | and 6 N hydrochloric acid for 24 and 48 hours. The 
solutions were diluted to a measured volume and assayed for pyrimidine 
nucleoside activity with the Neurospora mutant 1298 (9). The stability 
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of uridine was determined similarly after refluxing 20 mg. in 50 ml. of 0.2 
sand 0.4. sulfuric acid for 48 hours. The rate of liberation of inorganic 
phosphate from the pyrimidine nucleotides has been determined pre- 
viously ((6) p. 44; (2) p. 211). In the present experiments solutions 
containing 25 mg. of cytidylie acid in 50 ml. of 0.1 N and of 0.5 ~ hydro- 
chloric acid were used. Aliquots were removed at the end of 24 and 48 
hours, assayed for pyrimidine nucleoside activity, and analyzed for inor- 


Taste | 
Statility of Pyrimidine Nucleoside Activity to Acid Hydrolysis, As Compared to 
Rate of Liberation of Inorganic Phosphate from Cytidylic Acid and from 
Yeast Nucleic Acid 


| 
24 brs. 48 hrs. 24 brs. 48 brs. 

Cytidine 

0.1 ws sulfuric acid 100 

0.2* 105 

“ “4 105 

1.0 ** hydrochloric acid 109 

Uridine 

0.2 s sulfuric acid 95 

100 
Cytidylic acid 

0.1 hydrochloric acid 75 106 6S 

Yeast nucleic acid 

0.4 sulfuric acid a 31 OF 100 


* In the case of eytidylic acid and yeast nucleic acid the amount of mold growth 
was calculated as pyrimidine nucleoside (9). The cytidine-uridine value in the case 
of yeast nucleic acid is given as the percentage found in the original sample. The 
48 hour value expressed as moles of pyrimidine nucleoside per mole of phosphorus 
was 0.465. 


ganic phosphate by the method of King (10). A similar experiment was 
also performed with yeast nucleic acid in 0.4 N sulfuric acid. Solutions 
containing 100 mg. in 50 ml. of acid were refluxed for 24, 48, and 72 hours 
and analyzed for inorganic phosphate and pyrimidine nucleoside activity. 

The results expressed as per cent recoveries of pyrimidine nucleoside and 
as the per cent of the original cytidylic acid or nucleic acid phosphate 
hydrolyzed are summarized in Table I. It may be seen that cytidine 
and uridine activity for the mold was not affected when either cytidine or 
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uridine was refluxed for 24 or 48 hours in concentrations of acid that were | 


1 x or less. Some loss of pyrimidine nucleoside activity took place in 55 
s sulfuric acid after 24 hours, and in 6 ~ hydrochloric acid after the same 
length of time, the amount corresponded to 50 per cent of the cytidine 
originally present. Cytidylic acid was not completely hydrolyzed to cyti- 
dine or uridine and inorganic phosphate after 24 hours in either 0.1 ~ or 05 


sn hydrochloric acid. After 48 hours, however, hydrolysis was either | 


complete or practically so for the two acid concentrations as measured 
by both inorganic phosphate formed and pyrimidine nucleoside activity 
recovered. 

The results with yeast nucleic acid were comparable to those with cyti- 
dylic acid. A value of 94 per cent of the original nucleic acid phosphorus 
was present as inorganic phosphate after 24 hours, as compared to 100 per 
cent after 48 hours. The molar pyrimidine nucleoside to phosphorus 
ratio reached a maximum of 0.465 after 48 hours and decreased to a value 
of 0.45 after an additional 24 hours of refluxing. The difference between 


these values, while possibly of questionable significance in terms of the — 


precision of the assay procedure, showed a slight destruction of pyrimidine 
nucleosides after the 72 hour period of heating. 

Conversion of Cytidine to Uridine—Proof that cytidine was largely con- 
verted to uridine during a 48 hour hydrolysis with 0.4 N sulfuric acid was 
provided in four ways; namely, (a) by assaying portions of the hydrolysis 
mixture for uridine after phospho-12-tungstic acid precipitation, (6) by 
spectrophotometric analysis for cytidine and uridine during the hydrolysis, 
(c) by estimation of the ammonia formed, and (d) by isolation of crystal- 
line uridine from the hydrolysis mixture. 

Assay of Hydrolysis Mixture for Uridine—A solution containing 100 mg. 
of cytidine sulfate in 10 ml. of 0.4 ~ sulfuric acid was refluxed over a pe- 
riod of 48 hours. A 1 ml. aliquot was removed for the zero time control and 
successive 1 ml. aliquots were removed at the end of 1, 2, 4, 8, 16, 32, and 
48 hours. The samples were diluted to 2 ml., | ml. of this solution was 
diluted to 10 ml., and three 1 ml. aliquots were used for assay of total py- 
rimidine nucleosides with the Neurospora mutant 1298. The remaining | 
ml. of the original diluted 1:2 was transferred to a 15 ml. centrifuge tube 
and diluted to about 5 ml. with water. 3 drops of concentrated hydro- 
chlorie acid were added,’ the solution heated in a boiling water bath, 0.9 
ml. of phosphotungstic acid solution (400 mg. per ml. in n hydrochloric 
acid) added, and the tubes placed in an ice bath in the refrigerator over- 
night. Another 0.1 ml. of phosphotungstic acid was added to insure an 
excess and the tubes again set in the refrigerator overnight. The precipi- 
tate was centrifuged and the supernatant decanted; the precipitate was 
washed with | ml. of cold n hydrochloric acid, and the washings added to 
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the supernatant. | ml. of ammonium chloride solution was added to the 
combined solutions, which had been heated in a water bath, and the sus- 
pension allowed to stand in the cold overnight. The precipitate was cen- 
trifuged and washed with | ml. of ~ hydrochloric acid; the combined 
supernatants were diluted to 25 ml., and 2 ml. samples in triplicate were 
used for uridine assay with the mold. 

The average mycelium weights and the corresponding values for total 
pyrimidine nucleosides and for uridine, determined from the growth curve 
(9) and expressed as concentration in the original hydrolysis mixture, are 


Taste Il 


Conversion of Cytidine to Uridine As Determined by Uridine Aseay Procedure 
with Neurospora Mutant 1298 


Total pyrimidine nucleoside Uridine 
Time | Concentration 
ars mg. per mi mg. per mi. 
0 21.6 7.6 0.7 —0.20 
l 21.5 7.6 2.3 +0.04 0.53 
2 21.1 7.4 1.9 0.02 0.27 
4 20.8 7.2 2.9 0.30 4.16 
s 21.8 7.7 4.6 | 0.80 10.4 
16 21.1 7.4 8.2 2.30 31.1 
32t 22.3 7.8 12.4 4.30 55.2 
4st 24.4 8.6 16.3 5.80 67. 


* Corrected for the small amount of cytidine present due to the slight solubility 
of cytidine phosphotungstate (9). 

t The relatively high values for total pyrimidine nucleoside found after 32 and 
48 hours are probably explained by concentration of the solution during refluxing. 
The per cent deamination in all cases is calculated on the basis of the total pyrimi- 
dine nucleoside found before treatment with phosphotungstic acid. 


recorded in Table II. Although the uridine results after the shorter pe- 
riods of hydrolysis cannot be considered very accurate because of the small 
amounts of mycelium obtained, it may be seen that after 48 hours approxi- 
mately 70 per cent of the cytidine had been converted to uridine, as de- 
termined by this method. 

Spectrophotometric Analysis of Hydrolysis Mizxture--The absorption 
curves of cytidine and uridine in phosphate buffer at pH 7.0 over the wave- 
lengths from 220 to 300 mu are given in Fig.1 (11). It is evident that the 
absorption maxima for the two nucleosides are sufficiently different to dis- 
tinguish between the two in pure solutions and that relatively large changes 
in molecular extinction occur, particularly at 230 and 260 my, as cytidineis 
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converted to uridine. In a solution in which both compounds are present, 
the total absorption at a particular wave-length or, as can be determined 
in the Beckman spectrophotometer, the optical density, D, is the sum of the 
densities due to cytidine and to uridine. If the molecular extinction 
coefficients are known for each compound at two wave-lengths and the 
optical density is determined, simultaneous equations can be written from 
the Beer-Lambert law in which the concentrations of cytidine and uri- 
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0 


Fic. 1. Absorption curves of cytidine, @, and uridine, O, in 0.05 mw potassium 
phosphate buffer at pH 7.0. 


dine are expressed as a function of the molecular extinction coefficients and 
the optical densities at the respective wave-lengths, as follows: 


+ Ce = Dy, 
and 


where C,. and C,. are the respective concentrations of uridine and cyti- 
dine expressed as mole per liter, £uy,, Fea,, Eua,, and E,,, are the re- 
spective molecular extinction coefficients of uridine and cytidine at A, and 
Az, and Dy, and LA, are the optical densities at the two wave-lengths. 
Solution of the two equations for C, and C, by use of molecular extinction 
coefficients for uridine and cytidine of 1960 and 7810, respectively, at 230 
my, and of 9750 and 7390, respectively, at 260 my, give the following: 


— 7390 D230 
61.7 xX 106 


Cy.= 


and 
9750 D239 — 1960 


C.. = 


61.7 x 10° 


where Dojo and Dogo are the optical density measurements at 230 and 260 
my, respectively. 
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The conditions employed in following the conversion of cytidine to uri- 
dine spectrophotometrically were similar to those employed in the first ex- 
iment. In this case the solution contained 700 mg. of cytidine in 50 
ml. of 0.4 Ns sulfuric acid. It was refluxed for a total of 48 hours and 0.05 
ml. samples were removed after the same intervals mentioned previously 
and diluted to 25 ml. with 0.05 M potassium phosphate buffer at pH 7.0. 
Density measurements were made at 230 and 260 my, and the respective 
concentrations of cytidine and uridine in the original mixture calculated by 
means of the equations given above. The respective values are given in 
Table III, together with the percentage deamination with time. It may 
be seen that the rate of deamination found in this experiment was in good 


Taste Ill 
Conversion of Cytidine to Uridine As Determined by Spectrophotometric Analyses 
for Uridine and Cytidine during Refluzing for 48 Hours with 0.4 N 
Sulfuric Acid 


Concentration found X 10° uridine | Per cent de 
Uridine Cytidine 
ars. moles per i. moles per I. moles per i. 
0 0.105 6.69 6.79 1.6 
2 0.284 6.68 6.96 4.1 
4 0.568 5.56 6.14 9.3 
1.08 5.00 6.08 17.8 
16 1.99 4.56 6.55 30.3 
32 3.05 3.03 6.08 
48 4.09 2.24 §.33 4.6 


* All concentrations refer to the original reaction mixture. 


agreement with that measured by the Neurospora assay procedure at the 
higher concentrations of uridine. 

The data obtained spectrophotometrically were plotted in Fig. 2 as the 
log 1/F against the time in hours, where F is the fraction of cytidine re- 
maining at the respective times. It may be seen from Fig. 2 that a straight 
line typical of a first order reaction was obtained. The velocity constant 
was calculated and found to be 0.023 per hour. 

Ammonia Determination -The ammonia present after 48 hours in the 
above-described hydrolysis mixture was determined by nesslerization, ac- 
cording to the method of Johnson (12). The amount found calculated as 
moles per liter was 3.94 * 10°, a value comparing favorably with the final 
uridine concentration of 4.09 « 10°? mole per liter found spectrophoto- 
metrically. 

Isolation of Uridine- The remainder of the hydrolysis mixture was evap- 
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orated to 10 ml. under an air stream and concentrated phosphotungstic 
acid solution was added until no further precipitation occurred. The 
mixture was left in an ice bath in the refrigerator overnight. The precipi- 
tate was centrifuged, washed three times with | ml. portions of N sulfuric 
acid, and barium hydroxide added to the supernatant liquid and washings 
until no more precipitation occurred. The mixture was filtered (Celite) 
and the filter cake washed twice with hot water. The resulting solution 
was freed of barium ions by treatment with sulfuric acid and the final fil. 
trate was evaporated to a small volume under an air stream at about 30° 
and then to dryness tn vacuo over phosphorus pentoxide. The residue was 
suspended in hot absolute alcohol and dissolved by the addition of 20 drops 
of water. On cooling the solution the uridine crystallized, giving a vield of 
154 mg. of product with a melting point of 160-165°. The theoretical yield 


0 4 HRS 


Fic. 2. Deamination of cytidine. F, fraction of cytidine present at respective 
times. 


calculated from the spectrophotometric data was 498 mg. The product 
was dissolved in 5 ml. of water and the solution, after decolorizing by boil- 
ing with 0.2 gm. of norit, was filtered and evaporated to dryness at room 
temperature. The syrup was dried in racuo over phosphorus pentoxide. 
5 ml. of hot absolute aleohol were added and water dropwise, until the solid 
was completely in solution. Crystallization occurred as soon as the solu- 
tion was cooled, and the beaker and solution were rubbed with a glass rod. 
The dry product melted at 163-165° in agreement with the reported value 
for uridine ((2) p. 170). 

Preparation of Uridine from Yeast Nucleic Acid —-25 gm. of yeast nucleic 
acid (Schwarz HN-4625) were added to 250 ml. of 0.4.‘ sulfuric acid and 
refluxed for 2 hours. Enough finely powdered silver sulfate (14 gm.) was 


added to provide a slight excess of silver ions (tested with dilute hydro- | 


chloric acid). The mixture was placed in the cold room in an ice bath 
overnight and was filtered with the aid of Celite. The silver purines were 


washed with two 25 ml. portions of cold 0.4 s sulfuric acid and the wash- | 
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ings combined with the filtrate. The excess silver ion was removed from 
the filtrate with 1 ~ hydrochloric acid (about 12 ml. required). The sil- 
ver chloride was filtered hot, and the resulting solution refluxed for 46 
hours. A solution containing 15 gm. of phosphotungstic acid was added 
to the hot solution and the mixture placed in the cold room in an ice bath 
overnight. The insoluble phosphotungstates were filtered in the cold with 
the aid of Celite. The filter cake was washed twice with water. The 
washings were combined with the filtrate, which was heated, and enough 
erystalline barium hydroxide added to bring the solution to about pH 8 
(green with Fisher Alkacid paper). About 40 gm. of barium hydroxide 
were required. ‘The insoluble barium phosphate, sulfate, and phosphotung- 
state were removed from the hot solution by filtration and the filter cake 
was washed twice with boiling water. 

35 ml. (wet volume) of a cation exchanger Duolite C-3? (the commercial 
product was washed with acid and alkali and with water four times before 
it was used) were added and the mixture shaken about 4 hours. The re- 
sulting pH was 3. The Duolite was filtered and washed two times with 
water, and the washings combined with the filtrate. 15 gm. of dry anion 
exchanger Duolite A-2 (36 ml. wet volume) were exhausted and regenerated 
twice, and washed until the washings were neutral to litmus. The eluate 
from the Duolite C-3 treatment was added and the mixture stirred for 2 
hours. The pH went up to6and thesolution became colorless. The ultra- 
violet absorption of an aliquot at 260 my indicated that a total of 3.8 gm. 
of uridine was present. The solution was evaporated to 100 ml. in vacuo 
at about 50° and then blown off with warm air to dryness. The syrup was 
dried in vacuo over phosphorus pentoxide. The resulting glass was heated 
with 100 ml. of absolute alcohol and enough water was added slowly to the 
hot solution to dissolve the precipitate. The solution was seeded with 
uridine and cooled in the refrigerator. Crystallization began immediately. 
The crystals were filtered and dried over phosphorus pentoxide, 2.25 gm. of 
product with a melting point of 164-165° being obtained. A second yield 
of 1.02 gm. which melted at 161-163° was obtained from the mother liq- 
uors, giving a total of 3.27 gm. or 13.1 per cent based on the original nucleic 
acid. In another preparation in which 100 gm. of yeast nucleic acid were 
used, the yield was 12.3 percent. The twice recrystallized product melt- 
ed at 166-167°. It contained 11.51 per cent nitrogen by the micro- 
Dumas method,’ as compared to the theoretical of 11.47 for CyHONe. 

Preparation of Cytidine from Yeast Nucleic Acid after Acid Hydrolysis 
100 gm. of veast nucleic acid (Lemke) were added to 1 liter of 0.4 N sulfuric 
acid and the mixture refluxed for 14 hours. The hot solution was made 


* Kindly provided by the Chemical Process Company, San Francisco, California. 
*Micro-Dumas nitrogen analyses by the Laboratory of Microchemistry, New 
York. 


Stic 
The 
Ipi- 
Irie 
ngs 
ite) 
on | 
fil. | 
Vas 
ops 

of 
eld | 
uct 
il- 
pm 
de. 
xd. 
lue 
elc 
nd | 
fas 
sh. 


448 PREPARATION OF URIDINE AND CYTIDINE 


slightly alkaline to phenolphthalein paper with crystalline barium hy. 
droxide (about 160 gm.) and freed from barium sulfate and barium phos. 
phate by filtration. The precipitate was washed twice by suspending in 
boiling water and filtering, and the washings and the original filtrate were 
treated with a solution containing 25 gm. of silver sulfate in water with 
enough concentrated ammonia added to dissolve the precipitated silver 
oxide. The suspension was allowed to stand in the cold room overnight. 
The precipitate of silver purines was filtered in the cold with the aid of 
Celite, and the filter cake was washed twice with cold water. The filtrate 
and washings were made acid to litmus with sulfuric acid and the excess 
silver precipitated with hydrogen sulfide. The filtrate was made alkaline 
to phenolphthalein with barium hydroxide and concentrated tn vacuo toa 
small volume. 5 ml. of concentrated nitric acid and about 50 ml. of alcohol 
were added to the cold solution. Crystals of cytidine nitrate separated 
when the beaker was rubbed with a glass rod. After 3 hours in the cold, 
the crystals were filtered, washed with alcohol, and air-dried. The yield 
was 3.1 gm. After decolorizing with norit and recrystallization, the prod- 
uct melted, with decomposition, at 197°. 

Preparation of Free Cytidine by Anion Exchange--2 ml. of Duolite A-2 
were washed, exhausted with 1 ~ hydrochloric acid, and regenerated with 
4 per cent sodium carbonate. The resin was recycled again and finally 
washed eight times with distilled water and placed in a 10 mm. column. 
1 gm. of cytidine nitrate was dissolved in 10 ml. of warm water and passed 
through the column at a rate of approximately 20 volumes per hour. The 
resin was washed out with three 3 ml. portions of warm water. The 
aqueous solution of free cytidine was concentrated to a syrup under an air 
stream at room temperature and the remaining water was removed in a 


vacuum desiccator over phosphorus pentoxide. The resulting glass was — 


warmed gently with 10 ml. of absolute alcohol, 20 drops of 1:10 ammonia 
were added, and the hot solution seeded with cytidine. Crystals began 
forming immediately. The solution was cooled and then filtered. The 


product was dried in a vacuum desiccator. Yield, 746 mg., or 94 per cent — 


of the theoretical. Melting point, 213-214°. This value is lower than that 
reported by Levene ((2) p. 169), but another authentic sample of free cyti- 
dine gave the same melting point. Recrystallization from alcohol-water 
gave a product melting at 215-216°. The nitrogen content found by the 
micro-Dumas procedure was 17.21 per cent, as compared to the theoretical 
of 17.28 per cent for 


SUMMARY 


The stability of cytidine and uridine to acid hydrolysis has been deter- 
mined in comparison with the rates of liberation of inorganic phosphate 
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from cytidylic acid and from yeast nucleic acid. When cytidine was heated 
with 6 NS hydrochloric acid for 24 hours, it was largely destroyed as meas- 
ured by the recovery of pyrimidine nucleoside activity for the Neurospora 
mutant 1298. In 0.1 N,0.2N,0.4N, and 1 N acid, however, nearly quanti- 
tative recoveries were found with cytidine and uridine after 24 or 48 hours. 
After refluxing cytidine for 48 hours with 0.4 ~ sulfuric acid, fractionation 
of the resulting solution showed that the aminopyrimidine was largely con- 
verted to uridine and ammonia under these conditions. As both eytidylie 
acid and yeast nucleic acid are completely hydrolyzed to inorganic phos- 
phate under the same conditions, this procedure has provided a simplified 
method for the preparation of uridine. Yields from 12.3 to 13.1 per cent 
of the original nucleic acid were obtained. After refluxing yeast nucleic 
acid with 0.4 N sulfuric acid for 14 hours, cytidine nitrate was isolated in a 


yield of 3.1 per cent. 
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ON THE NATURE OF LABILE PROTEIN 


I. THE CATHEPSIN II ACTIVITY OF THE LIVER AND KIDNEY 
OF THE FED AND FASTED RABBIT* 


By JULIUS SCHULTZ 
(From the Laboratories of the Jewish Hospital, Philadelphia) 


(Received for publication, September 18, 1948) 


When rats are fasted 24 to 48 hours, as much as 20 to 30 per cent of the 
hepatic protein leaves the liver (1,2). As the fast continues to 7 days, this 
figure reaches 40 per cent (3). In terms of metabolism, the protein, which 
readily leaves the liver, has been called labile protein or storage protein (1), 
while the more stable protein has been looked upon as structural protein of 
the cell. It was pointed out in 1936 that from a chemical point of view 
no protein fraction of the liver can be regarded as reserve material in the 
sense of being chemically distinct from the basal structural proteins (4). 
Various hypotheses have been offered to explain this phenomenon (4-6). 

More recently Kosterlitz (7) developed the concept of “‘labile liver cyto- 
plasm” in which the labile protein is part of a phospholipide-ribonucleic 
acid complex making up the chromophilic granules of the cytoplasm (8). 
Here again any claim that there is a “chemical distinction between the 
labile and the remaining liver cytoplasm’”’ is cautiously excluded from 
the concept. It was further suggested, on the basis of the reports of 
Lazarow (9) and Schmitt (10), that enzyme activity may be associated with 
the cytoplasmic particulates. Soon thereafter Schneider found that the 
non-nuclear fragments of hepatic homogenates contained the greater pro- 
portion of the succinoxidase, cytochrome oxidase, and ATPase activity of 
the cell (11). Brachet and Jener found catheptic activity in the cyto- 
plasmic particulates studied by them (12). 

Finally within the past year Miller (13) reported that the loss of protein 
from the liver was related to the loss of enzyme activity. He proposed that 
the enzymes of the cellular particulates represent functional units, the loss 
of any portion of which is associated with the loss of the unit as a whole. 

From these observations the present author believes that labile protein 
may be chemically distinct from the more metabolically stable protein of 
the cell. This distinction is based on additional evidence to be presented 
here, which suggests that the enzymatic distinction of labile protein is 


* Aided by grants from the United States Public Health Service, the National 
Tuberculosis Association, and the Weinberger Fund of the Jewish Hospital. Pre- 
sented at the meetings of the American Chemical Society in Washington, September 
2, 1948. 
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indicative of a chemical difference in the protein moiety of the “functional 
unit” or the labile cytoplasmic particulates. This difference depends on 
the extent to which the specificity of an enzyme is determined by its chemical! 
composition and configuration. 

The term “labile enzyme” is suggested as a term to aid in the character. 
ization of enzyme systems supported by labile protein. 

In the first of a series of proteolytic enzymes to be examined on this basis 
we have selected cathepsin I], a component of the endocellular enzyme 
cathepsin, shown by Fruton ef al. to be multiple in nature (14). 

In the present studies, the kidney, whose protein is more stable meta- 
bolically than that of the liver, was also analyzed to determine to what de- 
gree the observations made are peculiar to the liver. The significance of 
these data in relation to the role of cathepsin II in protein synthesis will 


also be discussed. 
Procedure 


Thirteen female rabbits weighing from 3 to 4 kilos were used in these 
experiments. Five were fasted for 6 days and eight were allowed to eat 
the stock diet of Purina chow ad libitum. 

The animals were exsanguinated from the carotid. The organs were 
removed immediately, weighed, and frozen intact in a dry ice chamber. 
Homogenates were prepared from each tissue as follows: Both kidneys (or 
15 to 20 gm. of liver) were chipped in the frozen state and placed together 
with 10 times their weight of ice water containing chipped ice in a well 
chilled metal Waring blendor. Under these circumstances the blendor 
remained ice-cold during the 1 to 2 minute period of homogenization. The 
suspension was then removed and brought to volume. Aliquots of these 
homogenates were used for semi-micro-Kjeldahl and enzyme studies. 


Method 


Although a variety of techniques has been described by other investiga- 
tors for the determination of the cathepsin II activity of tissues (15-18), 
none have utilized total organ homogenates as the test medium. For this 
reason sufficient data were accumulated to show that under conditions of 
these experiments the first order reaction constant for the liberation of 
ammonia from benzoylargininamide is proportional to the amount of homo- 
genate used and therefore the enzyme concentration. Fig. 1 shows the 
results obtained on three livers of fed rabbits and three livers of fasted 
rabbits. 

In carrying out the tests 1.0 ml. of homogenate was added to 1.0 ml 
solution of 0.1 m citrate buffer containing 0.02 mm of benzoylargininamide 
hydrochloride monohydrate, and 0.01 ma of cysteine hydrochloride. The 
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pH of the buffer was 5.1. When less than 1.0 ml. of homogenate was used, 
the total volume of digest was brought to 2.0 ml. with water. The diges- 
tion was carried out in large test-tubes placed in a 39° bath. After 2 and 4 
hours of digestion, the tubes were removed, | ml. of saturated potassium 
carbonate and 3 ml. of water were added, and the whole aerated as in the 
Van Slyke urea aeration procedure described by Greenstein and Leuthardt 
(17). In the present investigations the ammonia liberated was absorbed 
ina 2 per cent boric acid solution containing indicator (methyl red-brom- 


cresol green). The ammonia was titrated with n/14 HCl. 
3 LIVERS OF 3 LIVERS OF 

_FED RABBITS FASTED RABBITS 
100 7 
AC 
40- 

20- 


10 


050 075 


050 075 10 025 
——— ML. HOMOGENATE 


O25 


Fig. 1. To each aliquot of total homogenate of liver, as indicated in Fig. 1, there 
were added 0.02 ma of benzoylargininamide, 0.01 mm of cysteine hydrochloride in 
0.2 u citrate buffer (pH 5.1), and the whole was brought to 2.0 ml. with water. K 
was calculated from the NH; liberated by the equation K = 1/t log (100/100 — xz), 
where ¢ is in hours and z = per cent hydrolysis. 


A correction blank for zero time was made in tubes that were prepared, 
but treated immediately with saturated KeCO;. In each case the reaction 
constant was calculated from the equation A = 1/t log (100/100 — 2), 
where x was per cent hydrolysis and ¢ was taken in hours. For routine 
work where a large number of analyses were made, it was found convenient 
for the numerous calculations required to use ¢ in hours. The expression 
K per mg. of N was calculated by dividing the K value of 1 ml. of homo- 
genate by the mg. of N found in | ml. of homogenate. The expression K 
per mg. of N was retained here rather than the proteolytic coefficient C, 
used by others (14), in order not to cause confusion, for the conditions are 
not exactly the same. By multiplying the A value for 1 ml. by the total 
volume of homogenate a value for the total enzyme activity of the organ 
was obtained; this is referred to as “total K”’ in Table I. 
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Results 


The results in Table I show that in the course of a 6 day fast there was 
approximately a 50 per cent loss of liver weight and liver nitrogen along 
with an average body weight loss of about 10 per cent. In the kidneys the 


I 
Cathepsin If Content and Concentration of Organs of Fed and Fasted Rabhits 


Body weight Organ weight Nitrogen Enzyme activity® 
Of bod Of total 
Initial Final K per em 

eight rgan organ me | tissue 

™ per = per cont 

Livers fasted 
19 2.04 2.2 1845 22 517 6.0 
BSI 62.5 1.64 2.68 1645 17 440 27.5 
22 4117 3910s 67.2 505 33.9 
23 3814 34s) 48.7 1.40 2.68 1305 16 25 7 
25 33274 499.9 1.52 2.9 14970 15 6s) 22.2 
Average. 62.0 19 513 
SE. 6.0 
Livers fed 
35 3500 3.76 2.08 2730 2s 5S5 76.5 
36 3775 «135.0 3.58 2.14 6) 86.5 
37 29775 3.35 2.29 2290 625 62.4 
38 3175 98.2 3.08 2.13 Boo 45 955 93.5 
vv 40ND 159.6 3.91 2.84 4530 2s 810 | 129.0 
4s 3580 3.11 2.24 2405 3s 
49 4186 3.42 2.68 3530 8 885 8127.0 
4135 0.0 2.20 2.7 2610 31 S63 82.0 
Average 119.0 2934 32 7M 4.0 
8.0 Pol 2 8.0 
Kidneys fasted 

19 b.8 0.0 2.46 osu 26 63s 10.1 
13.3 0.35 2.87 wi 5.3 
22 6.3 0.32 2.36 34s 10 216 3.5 
23 12.1 0.41 2.77 336 11 3.8 
25 11.9 0.35 2.96 22 5 106 2.3 
Average 13.9 346 14 353 5.0 
ae. 1.0 16 2 sD 1.3 
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Taste |—Concluded 


Body weight Organ weight Nitrogen Enzyme activity* 
Rat Of bed or 

Initial Final organ K per me. | A per gm. Total K 
| | Nx 108) tissue 

-~  ™ per <eni per cent me. 

Kidneys fed 

35 | 25.6 0.73 1.7 475 25 437 11.2 
36 2.8 0.554 2.29 475 27 615 12.5 
37 17.1 | 0.575 2.3% 403 2s 658 11.4 
3 15.8 0.498 2.51 ous 26 7 10.5 
47 19.5 | 0.476 2.62 510 23 we 11.7 
14.8 0.414 2.67 395 42 
19.3 0.461 2.69 520 | tt 
fd 16.2 0.391 2.56 415 31 924 12.8 
Average 18.5 449 2s 701 12.3 
0.9 22 i Bi 


* Enzyme activity here is calculated in terms of the first order reaction constant 
K from the equation A = 1/t log (100/100 — z), where ¢ is in hours and z in per cent 
hydrolysis of benzoylargininamide determined as described in the text. Total A is 
calculated from the total volume of organ homogenate and the A value of the aliquot 
used in the test. s.#. is the standard error of the mean. 


loss of weight was 25 per cent and the renal N was diminished by 20 per 
cent. 

Two-thirds of the enzymatic activity of the liver and more than half 
of that of the kidney were lost during the 6 day fast. Thus the enzymatic 
activity decreased to a greater extent than the liver weight or kidney weight. 
This is reflected in the lowered ratio of K per mg. of N and A per gm. of 
tissue in the organs of the fasted rabbits. 


DISCUSSION 


It has been suggested that cathepsin II may be the endocellular enzyme 
whose physiological function is concerned with protein synthesis (14, 19). 
These data may offer further support to this hypothesis. For, since the 
value of K per mg. of N in Table | is a measure of the proportion of enzyme 
to protein, it is obvious that in a state of decreased protein synthesis the 
ratio of enzyme activity to protein was diminished. This is to be expected 
if cathepsin II were involved in the synthesis of protein. This is a case in 
which the activity of cathepsin I] does not parallel that of cathepsin, if 
one is permitted to compare the rat and the rabbit (13). 

It is accepted here as a working hypothesis that the loss of enzyme ac- 


as 
ng 
he 
| 


456 NATURE OF LABILE PROTEIN. |! 


tivity is a reflection of the loss of labile protein. Support for this can be 
found in the work of Miller (13) and in Woolley’s recent report (20) that 
strepogenin contains a polypeptide common to biologically active factors O 
which include more than one enzyme. It is obvious that, if the labile 
protein contains units common to more than one enzyme, the activity of 
this group of enzymes will be altered. As a first approximation of the ex. | the 
tent to which the activity of an enzyme depends on the labile protein the 
K per mg. of N value of the labile protein was calculated by dividing the | 
loss of enzyme activity by the loss of labile protein. The “enzyme activ. 

; stab 
ity” of labile protein for cathepsin I] has been compared with values cal- 
culated from data in the literature. dd 

The labile protein is richer in factors supporting cathepsin I1 activity | 
than is the cellular protein of the fed or fasted liver. This can readily | 
be seen in Table I, where the labile protein, the protein N lost on fasting, | 
is 1.5 gm., while the loss of enzyme activity is 60; the K per mg. of N of the 
labile protein is therefore 40 XX 10~*, which is greater than the average of 
32 X 10~* found for the livers'of the fed animals and twice as great as the 
19 + 2 found for the more stable protein remaining in the cell. | 

A similar analysis of the data of Miller offers additional information on 
the nature of labile protein. In the livers of female rats catalase, alkaline | 
phosphatase, cathepsin, and xanthine oxidase showed a labile enzyme-labile © 
protein ratio (in units per gm. of protein) of 16, 6.5, 99, and 23, respectively, 
while the ratio of the 7 day fasted livers were 5.4, 5.7, 110, and 4.9 respec- 
tively. 

In the male rats, the values for labile enzymes per gm. of labile protein 
were (in the same order) 18.3, 5.3, 66, and 26. The figures for the livers | 
of the 7 day fasted rats of the same series contained 12.6, 6.4, 92, and 49 
enzyme units per gm. of hepatic protein. Thus it can readily be seen that 
the labile protein supported more than twice the activity of catalase and 
more than 4 times the activity of xanthine oxidase than did the protein 
remaining after a 7 day fast. In the male rats the value for catalase is C 
50 per cent greater but for xanthine oxidase it is of the same order of mag- 
nitude as in the female. Cathepsin activity appears to depend on the 
labile protein to a lesser degree than on the more stable protein. Although 
there is a 100 per cent difference in the catalase activity of the livers of the 
fed female and male rats, the values of K per gm. of N of the labile protein 
in both cases are remarkably alike, being 16, 400, and 18,300 respectively. | 

From the data of Oppenheimer and Flock (21) on fed and 48 hour-fasted 
rats, the labile protein was calculated from the loss of tissue weight by using 
a conservative value of 20 per cent loss of N (1) and 3.0 per cent for the N | 
content of the tissue. The K per mg. of N value of the labile protein for 
alkaline phosphatase was 4.4 Bodansky units per 100 mg. of N. The value 
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of the protein remaining in the liver was 0.2 Bodansky unit per 100 mg. of 
N. 

On the basis of the findings reported here and by Miller and Flock and 
Oppenheimer, one can point to catalase and xanthine oxidase in the 7 day- 
fasted rat, to phosphatase in the 48 hour-fasted rat, and to cathepsin II in 
the 6 day-fasted rabbit as representing a group of labile enzymes. Their 
activity depends more on the constituents of the metabolic pool of hepatic 
protein which readily leaves the liver on fasting than on the metabolically 
stable proteim remaining in the cell. To the extent that this protein sup- 
ports their activity, the nature of these enzymes may be a manifestation 
of chemical properties that are peculiar to labile protein and distinct from 
the more stable protein of the cell. Further studies on the significance of 
the labile protein in relation to the labile enzymes and their role in protein 
synthesis in the liver will be the subject of future investigations. 


SUMMARY 


It has been shown that total homogenates of the liver are suitable for 
quantitative studies of cathepsin II. 

The cathepsin II of the liver and kidneys of eight fed and five fasted rab- 
bits was determined. 

The term “labile enzyme” has been used to describe the enzyme activity 
readily lost on fasting. 

A point of view was developed whereby a chemical distinction can be 
made between the labile protein and the more stable cellular proteins. 
This view is based on the principle that the cellular proteins supporting 
enzymatic activity possess chemical composition and configuration specific 
for the enzyme. 

On this basis labile protein is so constituted as to be more capable of 
supporting the activity of cathepsin II and other enzymes reported by 
others than the more stable cellular proteins. 

Cathepsin II may be related to protein synthesis in that the level of its 
activity parallels the relative rate of synthesis and catabolism of protein 
in the liver. 
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STUDIES ON PITUITARY LACTOGENIC HORMONE 


X10. THE AMINO ACID COMPOSITION OF THE HORMONE OBTAINED 
FROM WHOLE SHEEP PITUITARY GLANDS* 


Br CHOH HAO LI 
(From the Institute of Experimental Biology, University of California, Berkeley) 


(Received for publication, December 6, 1948) 


In this paper we wish to present certain analytical data obtained with 
the lactogenic hormone isolated from sheep pituitaries by the method 
of Li et al. (1). The hormone was shown to be homogeneous by elec- 


| trophoretic and solubility measurements (2). 


EXPERIMENTAL 


The lactogenic hormone preparation was dried in a vacuum at 98° 
for 20 hours before digestion. A weighed amount (approximately 90 mg.) 
of the dried sample was refluxed with 2 cc. of 20 per cent HCl. At the 
end of 18 hours, HCl was removed by drying in a vacuum; the residue 


was dissolved in water and stored in the refrigerator with a trace of toluene 


and ether pending analysis. The microbiological assay procedures' were 
employed for the determination of arginine, aspartic acid, glycine, his- 
tidine, lysine, phenylalanine, proline, serine, tyrosine (with Leuconostoc 
mesenteroides P-6O), glutamic acid, isoleucine, leucine, methionine, valine 
(with Lactobacillus arabinosus 17-5), and threonine (with Streptococcus 
faecalis). wt-Amino acids were used as standards in all cases (except 
glycine). 

Tryptophan was determined chemically; the procedure of Lugg (3) 
with alkaline hydrolysates was followed in essential detail. The colori- 
metric methods of Shaw and McFarlane (4) and of Horn and Jones (5) 
were also employed for the determination of tryptophan. 

The free amino nitrogen was determined in the manometric Van Slyke 
apparatus (6), and the total nitrogen by the Kjeldahl procedure. 

The determination of amide NH, was carried out as follows: 50 mg. of 
protein were hydrolyzed with 20 per cent HCl at 100° for 12 hours; the 
solution was then neutralized and made slightly alkaline with 0.5 cc. of 
5m NaOH. The ammonia was distilled off by aeration into three aliquots 
of a borate buffer while the hydrolysate was kept in a boiling water bath. 


* Aided by grants from the Research Board of the University of California, Berke- 


' Lewis, J. C., and coworkers, unpublished data. 
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DISCUSSION 


The amino acid composition of the lactogenic hormone is summarized 
in Table I. It may be noted that the determinations of arginine and ty. 
rosine by microbiological and chemical methods (3, 9) are in good agree. 
ment. The earlier microbiological assay of glutamic acid (8) is not sig. 


I 
Amino Acid Analysis of Lactogenic Hormone 


Amino acid pag Methods 
Arginine... 8.6 Microbiological* 
8.3 Chemical 
Aspartic acid 11.6 Microbiological t 
Cystine...... 3.1 Chemical} 
Glutamic acid 14.1 Microbiological * 
13.4 
Glycine... 4.0 ° 
Histidine 4.5 
Isoleucine 7.2 
Leucine... 12.5 ° 
5.3 
Methionine... ... 3.6 ° 
| 4.3 Chemical? 
Phenylalanine | 4.1 Microbiological * 
Proline. 6.2 
Serine 6.5 
Threonine. 4.8 
Tyrosine. . | 4.7 
4.5 Chemical | 
Tryptophan... 1.2 Microbiological € 
1.2 Chemical | 
5.9 Microbiological* 


* Determined by J. C. Lewis and coworkers. 

t The Sakaguchi method was used; see Li ef al. (2). 

t The diiodate titration method of Baernstein was used; see Li (7). 
§ Taken from Lewis and Olcott (8). 

|| The method of Lugg was used; see Li et al. (9). 

§ Determined by M. 8. Dunn and coworkers. 


nificantly different from the present value. The values of cystine and 
methionine are taken from an earlier analysis (7). 

There is confusion as to the exact tryptophan content in lactogenic 
hormone. Some years ago (9) we found the tryptophan content to be 
1.19 per cent by the nitrous acid method of Lugg (3); a similar value was 
obtained by White et al. (10) by the procedure of Folin and Marenzi (11). 
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We (2) also reported a higher value (2.5 per cent) when the glyoxylic 
acid method (4) was used. These findings are confirmed in the present 
investigation. In addition, we have obtained a value of 1.27 per cent 
(see Table 11) by the method of Horn and Jones (5). From these results 
and that of Ross (12) on tobacco mosaic virus, it would seem that the 
glyoxylic acid method gives values so high that the results obtained may 
not always be taken as depicting accurately the tryptophan content in 
proteins. In order to substantiate this contention, we determined the 
tryptophan content of a number of proteins with the nitrous acid and 
glyoxylic acid methods and the method of Horn and Jones. The results 


Taste Il 
Tryptophan Content of Proteins* As Determined by Different Methods 
The results are expressed in per cent of moisture-free protein; each value was the 
average of at least three determinations. 


Metbods 

Precis 

(Luge (3)) McFarlane (4)) (Horn ones 
Human serum albumin 0.43 0.43 0.44 
Casein 1.35 1.68 1.37 
8-Lactoglobulin 1.97 2.06 1.98 
Globin. 1.63 2.60 1.58 
Edestin... 1.50 1.65 1.52 
Gliadin 0.79 0.84 0.73 
Pepsin 2.73 3.34 2.68 
1.14 2.28 1.27 


Lactogenic hormone 
* We are indebted to the following who furnished samples of proteins: H. Beniam 
for the samples of human serum albumin and globin, H.S. Oleott for casein and glia- 


din, D. M. Greenberg for edestin, and E. F. Jansen for 8-lactoglobulin. The crystal- 
line pepsin was obtained from the Plaut Research Laboratory. 


are summarized in Table II. It is evident that with the exception of 
globin, pepsin, and lactogenic hormone the tryptophan content obtained 
by the three methods is in good agreement. It may be recalled that the 
glyoxylic acid method requires no digestion of the protein. The coloration 
produced by the reaction of tryptophan residues with the glyoxylic acid 
may be altered or interfered with by groupings or peptide chains in the 
protein molecule. This interference may cause either an enhancement 
or reduction of the chromogenic intensity. In the case of the lactogenic 
hormone, it would seem that an unknown factor, due to the intrinsic 
structure of the tryptophan residue, gives rise to a high value when the 
glyoxylic acid method is employed. 


| 
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Taste III 
Minimum Molecular Weight of Lactogenic Hormone ‘ 
Gm. Minimum  Ageumed 
acid gm. mol. wt. mol. wt. | 
Cystine........ 3.1 7,752 4 31,008 t 
Histidine 4.5 3,447 10 34, 470 t 
Phenylalanine... 4.1 4,029 8 32,232 
Tryptophan... 1.2 17,016 2 34,032 
Tyrosine. .... 4.7 3,855 9 34,695 
Mean + standard deviation... 33,287 + 2% t 
Taste IV | 
Composition of Lactogenic Hormone (Molecular Weight 33,300) : 

£ 
Nitrogen....... 15.86 
Sulfur 1.79 
Amide 1.0 6.3 | 
Arginine __. 8.6 17.4 17 
Aspartic acid... ae 11.6 7.6 2s u 
Cystine......... 3.1 2.3 4 
Glutamic acid... 14.1 8.5 32 
Glycine. 4.0 4.7 18 
Histidine... 4.5 7.7 10 
Isoleucine . 4.8 18 | 
Leucine .. 12.5 8.4 32 b 
Lysine... 5.3 6.4 12 hi 
Methionine..... . 3.6 2.1 8 al 
Phenylalanine..... 4.1 2.2 8 
6.2 4.8 18 
Serine. . 6.5 5.5 21 
4.8 3.5 13 
Tyrosine. 4.7 2.3 di 
Tryptophan 1.2 1.0 2 
5.9 4.4 17 

Total 99.9 291 ge 

In order to ascertain the tryptophan content of lactogenic hormone, 
the microbiological technique? was also employed with Lactobacillus ar- _ 1 
abinosus 17-5. It was found that the hormone contains 1.23 per cent | 2 
3 
* We are indebted to Dr. M. 8. Dunn and his colleagues for this determination. 4 
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tryptophan, which is in agreement with the values obtained by the meth- 
ods of Lugg and of Horn and Jones. It may, therefore, be assumed that 
the amount of tryptophan in the lactogenic hormone approximates 1.2 
per cent. 

Table II] presents calculations of the minimum molecular weight of 
the hormone, based upon its content in histidine, phenylalanine, cystine, 
tryptophan, and tyrosine. The value 33,300 is somewhat higher than that 
obtained by osmotic pressure measurements (2), but it is very close to 
that determined by ultracentrifugation (10). 

In Table LV are shown the protein nitrogen distribution and the es- 
timated number of amino acid residues per mole. The percentage of 
nitrogen in lactogenic hormone corrected for moisture and ash is found 
to be 15.86 per cent from an average of many determinations. It may be 
seen that the known amino acids together with the amide N account for 
99.9 per cent of the protein nitrogen. 

The free amino nitrogen (Van Slyke) determinations for the hormone 
gave an average value of 0.74 per cent. When calculated per mole, the 
estimated number of free amino groups is found to be 18, which is higher 
than the 12 lysine residues. The difference (18 — 12 = 6) may be taken 
as indicating the approximate number of free terminal amino groups in 
the hormone molecule. 


SUMMARY 


1. The percentages of seventeen amino acids in the lactogenic hormone 
isolated from whole sheep pituitaries have been determined by micro- 
biological and chemical procedures. 99.9 per cent of the protein nitrogen 
has been accounted for by its content of seventeen amino acids and the 
amide nitrogen. 

2. The molecular weight has been estimated to be 33,300 by calcula- 
tions based on the content of five amino acids. 

3. Methods for the determination of tryptophan in proteins have been 
discussed. 


I am extremely grateful to Dr. J. C. Lewis and his coworkers for their 
generosity in carrying out the microbiological assay of this work. The 
author also wishes to acknowledge the assistance of C. Kalman. 
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A FLUOROMETRIC METHOD FOR THE DETERMINATION OF 
PTEROYLGLUTAMIC ACID* 


By V. ALLFREY,t L. J. TEPLY, C. GEFFEN, anv C. G. KING 
(From the Department of Chemistry, Columbia University, New York) 


(Received for publication, November 23, 1948) 


The characteristic fluorescence of the antipernicious anemia factor was 
suggested as a measure of its concentration in natural materials by Jacobson 
and Simpson (1) and a quantitative study of the fluorescence of synthetic 
pteroylglutamic acid (PGA) was made by Villela (2). 

Attempts to apply such direct fluorescence measurements to yeast ex- 
tracts prepared in this laboratory indicated that a variety of interfering 
substances could greatly augment the intensity of the fluorescent beam. 
Riboflavin and many of the pterins, for example, are strongly fluorescent 
under the conditions recommended by Villela. Consequently, a study 
has been made of the fluorescence of pteroylglutamic acid under controlled 
conditions and a method has been developed for its quantitative estimation 
in a variety of synthetic and natural mixtures. 

Permanganate oxidation of PGA yields a strongly fluorescent substance, 
identified as 2-amino-4-hydroxypteridine-6-carboxylic acid (3). In the 
absence of fluorescent pigments (¢.g., xanthopterin) which are attacked by 
permanganate, the increment in the intensity of fluorescence, on oxidation, 
is directly proportional to PGA concentration. When interfering pigments 
are present, the PGA oxidation product can be isolated chromatographically 
and its fluorescence determined directly. 


Method 

Apparatus—-The intensity of fluorescence was measured in a Farrand 
microfluorophotometer, with filters recommended by Dr. O. H. Lowry for 
the microdetermination of thiochrome, xanthopterin, and related sub- 
stances (4). 

Primary filter. Corning No. 5860, transmitting in the ultraviolet at 
365 mu. 

Secondary filter. Corning No. 4308 + Wratten gelatin No. 2A + 
Corning No. 3389, in that order, with Filter 3389 facing the phototube. 


* This investigation was supported by a grant from the Nutrition Foundation, 
Inc. 

t From a dissertation to be submitted by V. Allfrey in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in the Faculty of Pure Science, 
Columbia University. 
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The secondary filter combination transmits in the blue region at 470 my, 
blocks out stray ultraviolet radiations, and reduces filter fluorescence to a 
minimum. 

Adsorption columns. Pyrex glass tubes, 5 mm. inside diameter and 
120 mm. in length, with a bell-shaped top of 22 mm. inside diameter and 
50 mm. in length, and a capillary constriction at the bottom, | mm. inside 
diameter and 15 mm. in length, over-all length 180mm. When the tubes 
are charged, the rate of flow should be 15 to 20 drops per minute. 

Reagents—-Pteroylglutamic acid, crystalline reference standard (gener- 
ously supplied by Dr. T. H. Jukes of the Lederle Laboratories Division, 
American Cyanamid Company), 4 per cent potassium permanganate solu- 
tion, 3 per cent hydrogen peroxide solution, prepared as needed by 1:10 
dilution of 30 per cent H,O,, 2 ~ hydrochloric acid, 4 per cent sodium 
tetraborate solution (Na,B,O;-10H,O), 40 per cent sodium hydroxide 
solution, and 1 mg. per cent of quinine sulfate in 0.1 N sulfuric acid. Dilu- 
tions of this quinine sulfate standard serve as reference points in the 
selection and adjustment of instrument sensitivity. 

2.5 m acetate buffer, pH 3.95, prepared as follows: To 500 ml. of 5 
m acetic acid add 105 ml. of 5 n NaOH and dilute to 1 liter. 

Florisil, 60 to 100 mesh, prepared as follows: 500 gm. of Florisil are 
suspended in 2 liters of 4 per cent sodium tetraborate solution and boiled 
for 30 minutes. After decantation, the process is repeated. The Florisil 
is washed with distilled water and resuspended in 2 liters of 0.25 m acetate 
buffer (prepared by 1:10 dilution of the acetate buffer described above). 
This suspension is boiled for 30 minutes and filtered. The Florisil is 
washed on the funnel with 10 liters of 0.25 m acetate buffer and air-dried at 
room temperature. 


Procedure 


Two procedures are available, depending upon the nature and complexity 
of the material to be analyzed. 

Method I—In the absence of fluorescent pigments which are altered 
by permanganate oxidation, the following direct method may be applied: 
To 10.0 ml. of a neutral, unbuffered solution containing 0.01 to 10.0 y 
of pteroylglutamic acid per ml. is added 0.1 ml. of 2.5 m acetate buffer. 
The pH at this point should lie between 3.9 and 4.1. The intensity of 
fluorescence of the solution is determined, with the appropriate sensi- 
tivity setting of the instrument. To the 10.1 ml. of buffered solution is 
then added 0.05 ml. of 4 percent potassium permanganate solution, followed 
after 5 minutes by 0.10 ml. of 3 per cent hydrogen peroxide. The final 
volume is 10.25 ml. The final pH lies between 4.1 and 4.4. After gentle 
stirring for 2 to 3 minutes the intensity of fluorescence is again deter- 


mined. 
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The increment in fluorescence intensity due to oxidation is directly 
proportional to the concentration of pteroylglutamic acid. The con- 
centration of PGA may be read directly from a standard linear plot of 
fluorescence increment (A) versus concentration. 

Standardization Three such plots have been established. The first 
(Fig. 1, Curve C) covers the concentration range of 0.01 to 0.1 y of PGA 
per ml. The reference point of instrument sensitivity for this range is 
obtained by setting the galvanometer deflection due to a 0.0024 mg. per 
cent quinine sulfate solution in 0.1 ~ sulfurie acid at 70 on the 100 
unit galvanometer scale. Points on the curve are obtained as follows: 
10.0 ml. of a neutral standard solution containing the indicated concen- 


100+ 
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Fic. 1. Fluorescence increment as a function of PGA concentration 


trations of PGA are adjusted to pH 4.02 by the addition of 0.1 ml. of 2.5 
u acetate buffer. The initial intensity of fluorescence is determined and 
recorded. 0.05 ml. of 4 per cent KMnQ, solution is then added, followed 
after 5.0 minutes by 0.10 ml. of 3 per cent H,Q,. After gentle stirring 
for 2 to 3 minutes the final intensity of fluorescence is determined. The 
difference, A, between initial and final readings is plotted against the con- 
centration of PGA in the original 10.0 ml. of solution. 

As indicated in Fig. 1, Curve C, a slight deviation from linearity occurs 
at the lower PGA concentrations. 

The second standard plot (Fig. 1, Curve B) covers the range from 0.1 
to 1.0 y of PGA per ml. The reference point of instrument sensitivity 
for this range is obtained by setting the galvanometer deflection due to a 
0.024 mg. per cent quinine sulfate solution in 0.1 N H,SO, at 75 on the 
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galvanometer scale. The oxidation technique is the same as that used 
above. 

In this range the increment, A, is directly proportional to PGA con- 
centration. 

The third curve (Fig. 1, Curve A) applies for concentrations between | 
and 10 y of PGA per ml. The reference point here is a galvanometer 
deflection of 75 for a 0.2 mg. per cent solution of quinine sulfate in 0.1 ~ 
HSO,. 

There is a slight deviation from linearity at the higher PGA concen- 
trations. However, concentrations of this magnitude are not often en- 
countered in the analysis of natural products. 

It is of primary importance that the standards used be freshly prepared 
and shielded from direct sunlight. Exposure to light or long standing 
results in a partial cleavage of PGA to the corresponding pteridy! alde- 
hyde which fluoresces. The initial intensity of fluorescence of pure PGA 
standards is no higher than the “blank”’ fluorescence of the reagents em- 
ployed. 

Method I1—-When interfering pigments are present, the PGA oxidation 
product is isolated by adsorption on Florisil at pH 4 and elution in 4 per 
cent sodium tetraborate solution. The fluorescence of the eluate at pH 
4 is determined and recorded. After the addition of 40 per cent NaOH 
solution the fluorescence is again determined. The difference between 
initial and final readings (corrected for dilution and the slight fluorescence 
of the oxidation product in alkaline solution) corresponds to the A values 
of the standard curves in Fig. 1. 

The detailed procedure is as follows: To 1 to 10 ml. of sample contain- 
ing 0.25 to 250 y of PGA are added 0.1 ml. of 2.5 m acetate buffer and 
sufficient water to bring the volume to 10.1 ml. The pH at this point 
should be approximately 4. 0.05 ml. of 4 per cent KMnQ, is then added. 
(In the presence of high concentrations of citrate, oxalate, or other oxidiz- 
able substances, more permanganate may be necessary. Enough per- 
manganate should be present to impart a definite red color to the solution 
throughout the oxidation period.) After 5 minutes, 0.10 ml. of 3 per cent 
H,O, is added and the clear solution is passed through about 10 cm. of 
Florisil in an adsorption column. (Adsorption columns are prepared by 
inserting a small plug of glass wool above the capillary constriction at the 
base of the tube and filling to a height of 10 to 11 em. with dry Florisil. 
Immediately before using the column is washed with 10 ml. of 0.25 m 
acetate buffer.) If permanganate causes precipitation in the solution 
being examined, it is advisable to centrifuge before adsorption. When 
the sample has passed through the Florisil, the column is washed with 
five 10 ml. portions of 0.25 m acetate buffer. (Mild suction may be applied 
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to hasten the washing of the column.) To elute, four 5 ml. portions of 
boiling 4 per cent sodium tetraborate solution are passed through the 
column. With mild suction an elution rate of 15 to 20 drops per minute 
can be obtained. The eluate is adjusted to pH 4.0 to 4.5 by the addition 
of about 1.8 ml. of 2 nN HCl, and then diluted to 25 ml. in a volumetric 
flask. 

Duplicate 10 ml. aliquots are withdrawn and 0.1 ml. of 2.5 M acetate 
buffer is added to each. The intensity of fluorescence is determined on 
| ml. of these solutions before and after the addition of 0.1 ml. of 40 per 
cent NaOH. Instrument sensitivity is selected by using one of the three 
quinine sulfate calibration points used for the standard curves. The 
choice depends on the initial fluorescence of the eluate and the magnitude 
of the decrease on addition of the alkali. 

The difference between the initial reading and the final reading mul- 
tiplied by the dilution factor 1.1 gives a A value which must be further 
increased by 4 per cent to allow for the fluorescence of the oxidation prod- 
uct in alkaline solution. The corresponding concentration can then be 
read from the standard curves of Fig. 1. 

It is advisable to run “recovery” samples and to correct for losses due 
to coprecipitation, incomplete elution, or to other causes, depending on 
the material being analyzed. 

In many natural products (e.g., yeast and bacterial extracts) a more 
complete isolation of the PGA oxidation product is required. The recom- 
mended procedure is described in the section covering the application of 
the method to natural products. 


EXPERIMENTAL 


Oxidation —As indicated in Table I, the increment, A, in fluorescence 
intensity is essentially constant over a wide range of permanganate con- 
centrations. 

10 ml. aliquots of a standard solution containing 2 y of PGA per ml. 
were oxidized for 5.0 minutes with 0.05 ml. of the indicated concentrations 
of potassium permanganate. The solutions were buffered with 0.2 ml. of 
2.5M acetate buffer. Permanganate remaining at the end of the oxidation 
period was removed with 0.2 ml. of 3 per cent H,Q,. The difference, A, 
between final and initial intensities of fluorescence was determined at an 
instrument sensitivity adjustment corresponding to a galvanometer deflec- 
tion of 34 scale divisions for a 0.024 mg. per cent solution of quinine sulfate 
in 0.1 N 

Oxidation Time —The variation of fluorescence increment with time of 
oxidation is shown in Fig. 2. The increment is constant between 5 and 
ll minutes. Data were obtained as follows: 10 ml. aliquots of a standard 
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PGA solution (1.2 y per ml.) were buffered with 0.1 ml. of 2.5 M acetate 
buffer. 0.05 ml. of 4 per cent KMnQO, was then added. After the times 
indicated by points on the curve, 0.1 ml. of 3 per cent H,O, was added to 
reduce the remaining permanganate. The increment in intensity of fluo- 
rescence due to oxidation was determined at an instrument sensitivity 


Taare I 
Effect of Permanganate Concentration on Fluorescence Increment 


concentration Fluorescence increment® 
per cont 
l 
: SO 
4 80 
6 51 
8 83 
10 83 
2 82 


Observed at an instrument sensitivity corresponding to gal vanometer deflec- 
tion of 34 scale divisions for a 0.024 mg. per cent quinine sulfate standard. 


OXIDATION PERIOD IN 


Fic. 2. Fluorescence increment as a function of the time of oxidation 


corresponding to a galvanometer deflection of 75 for a 0.024 mg. per cent 
solution of quinine sulfate in 0.1 N H.SO,. 

The constancy of the increment between 5 and 11 minutes and its 
independence, within wide limits, of the permanganate concentration 
permit a precision in duplicate determinations to within | scale division 
on the galvanometer. 


| 
uct 
doe 
wit 
in t 
12.; 
cm. 
elut 
SOF 
490- | 
4 70H 
solu 
ml. 
pH 
1.0 
tern 
defi 
95. 
fluo 
cen! 


o 


@ 


ALLFREY, TEPLY, GEFFEN, AND KING 471 


Properties of Oxidation Product — The fluorescence of the oxidation prod- 
uct, as prepared by the adsorption-elution technique outlined above, 
does not change appreciably within 240 hours. It varies considerably 
with pH, however, and with the concentration of borate and acetate ions 
in the solution. 

The variation of the fluorescence intensity of the PGA oxidation product 
with pH is illustrated in Fig. 3. The data were obtained as follows: 
12.5 ml. of a PGA standard solution containing 100 y per ml. were oxidized 
by the standard procedure and the solution passed through about 10 
em. of Florisil in an adsorption column. The oxidation product was 
eluted with four 5 ml. portions of boiling 4 per cent sodium tetraborate 


~ 
i je 4 \ 


{) 7 <9 46. 14 14 


Fic. 3. Fluorescence of the PGA oxidation product as a function of pH 


solution. The eluate was made up to 500 ml. with distilled water. 10 
ml. aliquots of this solution were brought to the indicated pH values in a 
final volume of 25 ml. (pH values below 10 were measured on a Beckman 
pH meter. Values above pH 10 were calculated from the dilutions of 
1.0 ~s NaOH used in the titrations.) Fluorescence intensities were de- 
termined at an instrument sensitivity corresponding to a galvanometer 
deflection of 75 for a 0.024 mg. per cent quinine sulfate standard. 

The fluorescence under these conditions is constant between pH 4 and 
9.5 and falls off rapidly in more strongly acid and alkaline solutions. The 
fluorescence intensity of the oxidation product in 1 N NaOH is about 4 per 
cent of the value determined at pH 4. 

In the direct method, in which the oxidation product is not isolated, 
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the constancy of increment holds only between pH 3.9 and 4.4. Above 


pH 4.4 the formation of Mn, causes a significant decrease in the measured 
increment. The 2.5 M acetate buffer recommended serves to keep the pH 
within these limits of optimum fluorescence intensity. 

Salt Effects-The intensity of fluorescence of the oxidation product 
varies considerably with its ionic environment. The data in Table I] 
indicate the magnitude of the variation in different concentrations of 
salts. The final concentration of PGA oxidation product is 1 y per ml. 


Il 


Variation of Fluorescence Intensity of Oxidation Product with Salt Concentration 


H,O 7.1 
NaCl 5.1 
0.5 5.1 
1.0 5.1 
NaH,PO, 0.1 4.45 
0.5 1.15 32 
1.0 10 22 
0.5 5.0 7 
1.0 5.0 12 
NaC,H,O; 0.01 6.85 77 
0.05 7.4 “7 
0.10 7.6 iS 
0.) 7.7 70 
1.0 7.8 74 
0.01 9.15 
0.05 9.15 
0.10 92 
0.15 9 2 


* Observed at an instrument sensitivity corresponding to a galvanometer deflec- 
tion of 42 scale divisions for a 0.024 mg. per cent quinine sulfate standard 


in all cases. Since the fluorescence of the oxidation product is constant 
between pH 4 and 9.5, the observed differences probably represent specific 
ion effects. Fluorescence measurements were made at an instrument 
sensitivity corresponding to a galvanometer deflection of 42 for a 0.024 mg. 
per cent quinine sulfate standard. The salt solutions themselves do not 
give a measurable fluorescence at this sensitivity. 

An interesting effect is observed in the concentration series for sodium 
acetate, in which a definite minimum is observed at about O.l wa. A similar 
effect is evident in sodium tetraborate solutions in which the initial loss due 
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to “quenching” in 0.01 M solution is restored at 0.1 mM (about 4 per cent), 
and at higher concentrations the fluorescence may exceed that of the water 
solution. 

The extreme “quenching” effects of acetate and phosphate ions empha- 
size the importance of rigid control in the analytical procedure. Such ob- 
servations point to the necessity of comparing fluorescence intensities under 
identical or reasonably identical conditions. It is for this reason that 
the Florisil eluate is titrated to pH 4 and buffered in acetate before com- 
parison with the standards of Fig. 1. 


Adsorption-Elution 


General Barium and calcium carbonates do not adsorb PGA from 
neutral or weakly alkaline solutions. Both PGA and its oxidation product 
are partially adsorbed on Decalso and on tricalcium phosphate from neu- 
tral or weakly acid solutions. The adsorption of PGA on Magnasol! 
at pH! 4 to 5 appears to be quantitative. A number of ion exchange resins 
were tested for adsorptive capacity, but in all cases these were sufficiently 
soluble to give excessive and variable “blank” fluorescence readings. 

Florisil —Both PGA and its oxidation product are quantitatively ad- 
sorbed on Florisil at pHi 4. Both are recovered in greater than 90 per cent 
yield with the recommended elution procedure. Under these conditions 
riboflavin is adsorbed but not recovered from the column. Xanthopterin 
is adsorbed and is recovered in good yield. Xanthopterin, however, does 
not interfere with the method, since permanganate oxidation, prior to 
adsorption, converts it to leucopterin which does not fluoresce appreciably 
under these conditions. 

The quantitative nature of the adsorption of the PGA oxidation product 
is illustrated in Columns 2 and 3 of Table IIL, where the fluorescence 
intensities before and after adsorption are recorded for different PGA 
concentration levels. Columns 4 and 6 of Table III list the decrement 
in eluate fluorescence on addition of 40 per cent NaOH and the correspond- 
ing A values for PGA standards at the same final concentrations. The 
data are listed for triplicate determinations. The extent of recovery on 
elution is recorded in Column 7. 

The data were obtained as follows: 10.0 ml. of solution containing the 
indicated total concentrations of PGA were buffered at pH 4 by the addi- 
tion of 0.1 ml. of 2.5 m acetate buffer and oxidized by the standard tech- 
nique previously described. The intensity of fluorescence following oxida- 
tion was recorded and the solution was passed through about 12 cm. of 
Florisil in an adsorption column. The columns were washed with two 
10 ml. portions of 0.25 m acetate buffer. The fluorescence intensities of 


‘Supplied by the Westvaco Chemical Corporation, New York. 
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the first filtrates and of the washings were determined and recorded. The 
columns were then eluted with four 5 ml. portions of boiling 4 per cent 
sium tetraborate solution, The eluate was titrated to pH 4 to 4.5 by 
the addition of 1.7 ml. of 2x HC|, and diluted to 25 ml. Then 0.25 mi. 


Taste Ill 
Adsorption-Elution Recovery Data 


PGA oxidized Fluorescence Intensity® oe Standard 4 
a) 2) (3) 6) (2) 
7 per 

25 SO 0 7s 
1.5 77 76.3 76.5 100 

SH 0 74 

Ww 6s | Ss 
67 0 5s Ss 

67 0 5s 

15 Ne 0 45 
55 0 45 45.7 47.5 96 

— 1.5 47 

10 3y 0 36 
3y 0 36 36 35.5 101 

39 0 36 

5 19 0 18 
19 0 17 17.7 17 = 

19 0 18 

] 3y 0 
39 0 31 w 32 

39 0 29 

0.5 18 0 10 
18 0 10 10.7 ll 97 

19 0 12 


Fluorescence intensities for 0.5 and 1 y of PGA oxidized and adsorbed were de 
termined at an instrument sensitivity corresponding to a deflection of 75 scale di- 
visions for a 0.0024 mg. per cent quinine sulfate standard. All other observations 
were made at a sensitivity of 75 units deflection for a 0.024 mg. per cent quinine 
sulfate standard. 

* Fluorescence intensities corrected for “‘blank"’’ fluorescence of HyO controls. 

t Decrements corrected for ‘‘blank’’ fluorescence of reagents and fluorescence of 
the oxidation product in alkaline solution. 


of 2.5 m acetate buffer was added and the intensity of fluorescence de- 
termined on 1 ml. of this solution before and after the addition of 0.1 ml. 
of 40 per cent NaOH. 

The decrease in fluorescence intensity was compared with the 3 values 
of standard PGA solutions at the same final concentrations and at the same 
instrument sensitivities. 

The data in Table III indicate the essential completeness of the adsorp- 
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tion-elution step. Similar results have been obtained for the isolation of 
PGA. 

The PGA oxidation product may be adsorbed from volumes far in 
excess of 10 ml., complete recoveries having been obtained for 10 y of total 
oxidation product in as much as 200 ml. of solution passing the column. 
Similarly, washing in acetate buffer at pH 4 can be extended to remove 
contaminants without a corresponding loss of the oxidation product. 

The volume of eluting agent cannot be reduced below 20 ml. without a 
corresponding decrease in the recovery of oxidation product from the 
column. Elution at 30° and 60° is likewise incomplete. Two 10 ml. 
portions may be used in place of four 5 ml. portions of eluting agent with- 
out appreciable difference in recoveries. The use of successive small por- 
tions at 100°, however, minimizes cooling during elution. Steam-jacketed 
adsorption columns could be used to advantage at this step. 

Int rfering Com pounds The direct method (measuring fluorescence in- 
crement after oxidation) may be applied without error in the presence of 
many of the B vitamins, purines, pyrimidines, and amino acids. Ribo- 
flavin, for example, in concentrations as high as 10 y per ml. is unaffected 
by the oxidation, and PGA is readily determined in admixture with it. 

In Table IV are listed many of the compounds which have been ex- 
amined for their behavior on permanganate oxidation. In Column 3 are 
recorded the observed fluorescence increments at the indicated concen- 
tration levels. For purposes of comparison, the A values given by a PGA 
standard ( 1 y per ml.) at the same instrument sensitivity are recorded in 
Column 4. 

From Table LV it can be seen that xanthopterin, isoxanthopterin, and 
pteroic acid interfere significantly with the determination of PGA with 
the direct method. When the PGA oxidation product is isolated by 
adsorption and elution, xanthopterin is converted to leucopterin which 
does not fluoresce. Isoxanthopterin is not widely distributed and is not 
a likely source of error. Pteroic acid, however, interferes in both methods, 
since it yields the same dibasic acid on oxidation as does PGA (and PGA 
conjugates). Similarly, high concentrations of tyrosine or tryptophan 
give erroneously high results in both methods. The products resulting 
from the oxidation of these amino acids are not completely removed in 
the adsorption-elution step. (They do not interfere, however, in the modi- 
fed procedure described in the section covering the application of the 
method to natural products.) Histidine does not interfere.* 

Pteroylglutamic acid can be determined in admixture with xanthopterin 
by a modification of the direct oxidation technique. The method depends 
on the preliminary conversion of xanthopterin to leucopterin by incuba- 
tion with the enzyme, xanthine oxidase. Subsequent permanganate oxida- 


* Vitamin does not interfere in either procedure. 
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tion then gives the fluorescence increment characteristic of the PGA com. 
ponent of the mixture. 

Several applications of this method are listed in Table V, where the 
fluorescence intensities after incubation and the increments on subsequent 
oxidation are listed for mixtures of PGA and xanthopterin. The dats 


IV 
Effect of Permanganate Oxidation on Fluorescence 
A, ty PGA per 
(1) (2) () (4) 
per 
10 0 78 
Thiamine 2 0 78 
10 2 78 
Nicotinic acid...._. 2 0 75 
10 0 78 
Thymine... 2 0 78 
0 78 
Uracil... Ww 0 78 
Xanthine 10 73 
7s 
200) 78 
pL-Phenylalanine.... 1000 0 78 
1000 36 78 
pL-Tryptophan._. 1000 65 78 
Pyridoxine. l l 78 
10 15 78 
N'-Methylnicotinamide | 0 78 
10 2 78 
Xanthopterin 1 —76 78 
Isoxanthopterin. l —15 ll 
Rhizopterin®.. 3.4 0 35 
Pteroic acid... 0.8 36 sO 
* Supplied by the Research Laboratories of Merck and Company, Rahway, New 


Jersey. 


were obtained as follows: 10.0 ml. aliquots of standard solutions containing 
the indicated concentrations of xanthopterin and PGA were buffered to 
pH 6.3 by the addition of 1.0 ml. of 0.1 phosphate buffer. The solution 
was then incubated for 60 minutes at 37° with 0.04 ml. of a xanthine 
oxidase preparation. (The enzyme was prepared according to the method 
of Ball (5) and was suspended in 4 w (NH,),S80,. 0.04 ml. of this suspen- 
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sion completed the enzymatic oxidation of 10.0 ml. of a 2 y per ml. xanthop- 
terin standard in 45 minutes at 37°.) Following incubation, 0.1 ml. of 
2.5 m acetate buffer was added and the intensity of fluorescence was de- 
termined before and after permanganate oxidation. In Column 5 are 
recorded the A values obtained by the above procedure for the same con- 
centrations of PGA at the same instrument sensitivity. 

The full fluorescence increment characteristic of the PGA oxidation 
product is recovered in all cases. Enzyme-free controls treated in the 
same way show a fluorescence decrement on permanganate oxidation. 

By determining the fluorescence decrement due to enzymatic oxidation 
in standard xanthopterin solutions, the method can be extended to give 
both the xanthopterin and PGA concentrations in a mixture. By compar- 
ing the loss of fluorescence on incubation with that of xanthopterin stand- 
ards, one determines the xanthopterin concentration of the solution. The 


Taste V 
Determination of PGA on Admixture with Xanthopterin 


Fluores. A values 
Solution ‘alter . Increment 
incubation 

1) (2) (3) (4) (S) 
0.33 y PGA + 0.33 y xanthopterin per ml.. 21 48 27 27 
“ 15 58 43 43 


subsequent increment on permanganate oxidation is proportional to the 
PGA concentration. 

Application of Method—Application of Method II to water extracts of 
some natural products gave the results indicated in Table VI. The pro- 
cedure was as follows: The weighed sample was ground with water for 5 
minutes in a Waring blendor. The resultant suspension was brought to 
the indicated concentration and heated in a 100° water bath for 15 minutes. 
After filtration, 10 ml. aliquots of the clear filtrate were oxidized ac- 
cording to the standard procedure and passed through Florisil columns. 
Columns were washed with 50 ml. of 0.25 m acetate buffer and eluted 
with four 5 ml. portions of boiling 4 per cent sodium tetraborate solution. 
Eluates were titrated to pH 4 to 4.5, diluted to 25 ml., and buffered at 
pH 4 by the addition of 0.25 ml. of 2.5 m acetate buffer. The fluorescence 
intensities were determined on 1 ml. of these solutions before and after 
the addition of 0.1 ml. of 40 per cent NaOH. 
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The decrement in fluorescence intensity was then calculated. The | 
corresponding PGA concentrations were read from the standard curves — 
of Fig. 1. 

In Column 4 of Table VI are recorded the PGA concentrations in the | 
filtrates as determined by microbiological assay with Lactobacillus casei. 
(The method used was essentially that of Roberts and Snell (6) as modi. | 
fied by Olson, Fager, Burris, and Elvehjem (7).) Since both methods of 
analysis were applied to the filtrates obtained after heating the suspen- 
sions, the analytical data are expressed as y per ml. rather than as y per 
gm. of sample. This permits a comparison of the methods without the © 
additional assumption that the extraction procedure was completely effec. _ 
tive in releasing bound PGA from the tissues examined. 

The results obtained by the chemical method are listed in Column 3 
of Table VI. They are higher than the microbiological results in all 
cases, although the agreement is fair for the four samples listed. The 


Taste VI 
PGA Content of Natural Extracts 


PGA content of filtrate, per mi. 
(1) (2) (4) 

gm. per ml. 
Lettuce | 0.5 0.2 0.23 
Carrots... 0.5 0.27 
Potato. . 0.5 0.2 
Beef muscle.._. 0.4 0.13 0.10 
discrepancy may be due, in part, to the presence of PGA conjugates, 


6-pteridyl aldehyde, pteroic acid, or other PGA hydrolysis products in the 
extracts examined. (Such compounds would not produce a growth re- 
sponse in PGA-deficient lactobacilli.) High concentrations of tyrosine and 
tryptophan also interfere with the method, since their oxidation products 
are fluorescent and follow the recommended adsorption-elution procedure. 

In certain natural extracts, therefore, a more specific isolation of the 
PGA oxidation product is required. This can be achieved as follows: 
The Florisil eluate is titrated to pH 5, brought to 25 ml., and buffered 
with 0.25 ml. of 2.5 m acetate buffer (pH 5.0). The intensity of fluo- 
rescence of the solution is determined before and after the addition of 
about 0.5 gm. of Magnasol (prewashed with acetate buffer of pH. 5). The 
decrement in fluorescence intensity represents the specific adsorption of 
the PGA oxidation product. If a further check is desired, the oxidation 
product may be eluted from the Magnasol with four 5 ml. portions of boil- 
ing 4 per cent sodium tetraborate solution, and the fluorescence decre- 
ment between pH 4 and 14 determined as before. 


EEE 
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Application of this modified procedure to yeast extracts gives ana- 
lytical results in satisfactory agreement with the PGA concentrations as 
determined by microbiological assay. 

The recovery of added amounts of PGA from the filtrates, according to 
Method II, is essentially complete in all cases. In Table VII are recorded 
the fluorescence decrements (—A) of the filtrates and of ‘‘recovery”’ sam- 
ples containing the indicated added amounts of PGA. The difference 
between the decrement observed in the “recovery’’ sample and that ob- 
tained in the original filtrate is given in Column 4. In Column 5 are 


Taste VII 
Recovery of Added PGA in Extracts of Natural Products 


FGA Fluorescence Decrement of PGA 


Sample git observed  diflerence* control Recovery 
(1) (2) (3) (4) ($) (6) 
7 per cont 
Lettuce 0 11.5 
4 21.0 10.5 10.5 100 
8 19.0 2.5 93 
10 37.0 25.5 27.0 
| 44.5 46.5 
Beef muscle 
2.5 10.3 6.8 | 7.0 97 
5.0 18.0 | 14.5 | 14.5 100 
10 2.0 3.6 | 27.0 4 
DD 50.5 | 47.0 | 4.5 102 
Salmon. . 0 | | 
12 | BS 97 
Carrots. . 0 8.5 | 
3 7.0 | 8.5 8.5 100 
Onion 0 27.0 
4 37.0 10.0 10.5 95 
Milk. 0 38.0 
3 46.0 8.0 8.5 4 


* Average of three determinations. 


recorded the corresponding —A values of PGA standards at the same final 
concentrations and at the same instrument sensitivity. The percentage 
recovery of the added PGA is given in Column 6. The recoveries of 
added amounts of PGA from the filtrates are greater than 90 per cent in 
all cases. 


DISCUSSION 


The methods described do not include an efficient procedure for extract- 
ing bound PGA from tissues. Preliminary experiments indicate that 
PGA is stable to autoclaving (15 minutes at 15 pounds pressure) in neu- 
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tral or faintly acid solutions (pH > 4.5) and in 0.005 to 0.01 ~ NaOH, 
It is partially hydrolyzed by autoclaving in 0.1 ~ alkali and almost com. 
pletely hydrolyzed in 0.1 NS acid. The extraction procedures recom. 
mended for the microbiological method by Olson ef al. (7) (heating in a 
boiling water bath for 3 minutes at pH 4.5 or 7; autoclaving at pH 4.5 for 
5 minutes) do not result in hydrolytic destruction of the vitamin as fol- 
lowed fluorometrically. However, it cannot be concluded that such meth- 
ods make possible the extraction of the total PGA content of natural 
materials. The effects of hydrolytic enzymes and the conjugases of hog 
kidney (8) and chicken pancreas (9) are currently being investigated. 

Solutions of PGA are not stable to prolonged standing or to exposure to 
direct sunlight. Since pure PGA does not fluoresce, it is likely that the 
observations of Villela (2) represent partial hydrolysis of his synthetic 
PGA standards. 

Inspection of the recovery data and internal standardization curves for 
lettuce and beef muscle extracts indicates that the method is accurate 
within about +6 per cent. The precision in duplicate determinations 
by both procedures is about +3 per cent. 


SUMMARY 


1. By permanganate oxidation pteroylglutamic acid (PGA) is converted 
to 2-amino-4-hydroxypteridine-6-carboxylic acid which fluoresces strongly 
at 470 my when irradiated with light of wave-length 365 my. The in- 
crement in intensity of fluorescence is directly proportional to PGA con- 
centration over a wide range. (a) In the absence of fluorescent pigments 
which are altered by permanganate oxidation, the reaction may be stand- 
ardized to permit the determination of PGA in concentrations between 
0.01 and 10 y per ml. (+) When interfering pigments are present, the 
oxidation product may be isolated chromatographically. Its concentra- 
tion is then determined by the decrease in intensity of fluorescence be- 
tween pH 4 and 14. 

2. The variation of fluorescence intensity of the PGA oxidation product 
with pH and salt concentration is described. 

3. Results obtained by application of the fluorometric method to several 
natural extracts are compared with the analytical values obtained by 
microbiological assay with Lactobacillus caset. 
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LIVER GLUTAMINASES 


By MAURICE ERRERA* 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, October 29, 1948) 


The enzymatic desamidation of glutamine in rat liver digests is con- 
siderably accelerated by added a-keto acids (1-5) and by added phosphate, 
arsenate, and sulfate (6,7). Aqueous rat liver extracts brought to pH 5.5 
or heated at 50° for a brief period of time and then neutralized or cooled 
lose nearly entirely the capacity to desamidate glutamine in the presence 
of added phosphate but not in the presence of added pyruvate (4). On 
the basis of these observations, it was suggested (4) that the desamidation 
of glutamine in rat liver was accomplished by two different enzyme sys- 
tems, one activated by phosphate, the other by pyruvate. The proof of 
this possibility could, however, only be obtained by a physical separation 
of the enzymes concerned. This has been accomplished by fractionation of 
rat liver into two separate enzyme preparations, one of which possesses 
the capacity to desamidate glutamine in the presence of phosphate, but 
not in the presence of pyruvate (glutaminase |), and the other to desamidate 
glutamine in the presence of pyruvate, but not in the presence of phosphate 
(glutaminase II). During the course of these experiments a third fraction 
was obtained which was active in the desamidation of asparagine but not in 
that of glutamine. This partially purified enzyme was found to be active 
only in the presence of a variety of salts, and its description will form the 
basis of a future communication. 


Methods 


Assays—The fractionation procedure was followed by assays performed 
under the following conditions: (a2) The pH of the buffer was optimal 
(pH 8.0 for glutaminase I, pH 7.7 for glutaminase II), (b) the concentration 
of the active protein and substrate chosen was such that the rate of hy- 
drolysis was proportional to enzyme concentration, and (c) if cosubstrates 
or activators were used, the molarity chosen corresponded to their maxi- 
mum accelerating effect on the rate of desamidation (1-7). 

Analytical Methods—Desamidation was followed by the rate of am- 
monia formation as determined by nesslerization after aeration into sulfuric 
acid traps or by the micro diffusion technique. The colors were compared 


* Research Fellow, National Cancer Institute; on leave from the University of 
Brussels, Belgium. 
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with a universal Coleman spectrophotometer at a wave-length of 4600 A. 
All determinations were made in duplicate and checked to within 2 or 3 
of ammonia nitrogen. The relative activity of the various fractions is ex. 
pressed as the micromoles of amide nitrogen hydrolyzed in 1 hour by g 
quantity of preparation containing | mg. of nitrogen. 

The .-glutamine employed was donated by the Lederle Laboratories, 
American Cyanamid Company. When hydrolyzed at 100° for 5 minutes 
in 5~ HCI, 95 per cent of theoretical amide nitrogen was recovered. 

Pyruvie acid was obtained from the Eastman Kodak Company, and 
the sodium salt was crystallized from an alcoholic sodium hydroxide 
solution (7). 

General Procedure—If not otherwise stated, the incubation mixtures 
consisted of 4 cc. containing 14.6 ue of glutamine, 46 um of sodium pyruvate, 
or 100 ym of sodium phosphate, and from 0.5 to 1.0 mg. of protein nitro- 
gen. The digests were buffered with 0.015 m veronal-acetate buffer, 


Tasie | 
Recovery of Original Activity of Crude Rat Liver Homogenate after Centrifugation 


Fraction Preparation No. Glutaminase I Glutaminase I 
Supernatant 39 SO 
2 34 60 
3 25 
Sediment l 66 2 
2 16 
3 SO 


Blanks were run in the presence of the amide alone without added ace- 
tivator, but in the partially purified preparation their values were generally 
negligible (1 to 3 y of ammonia). 

Separation of Glutaminases I and 1]—The essential basis of the separa- 
tion of the two glutaminases lies in the fact that when a homogenate of 
fresh rat liver is subjected to high speed centrifugation glutaminase I ac- 
tivity is found largely in the sediment, while glutaminase II activity is 
found largely in the supernatant. 

The homogenates of rat liver are prepared by mixing the fresh tissue 
in the Waring blendor for 3 to 5 minutes with 3 to 4 times the weight of 
water and crushed ice. The pH of this homogenate is then brought to 4 
value of 7.5 to 8.0 with dilute NaOH. When this homogenate is centr- 
fuged for 1 hour at 60,000 X g in a refrigerated Sharples centrifuge, the 
distribution of enzymatic activity between sediment and supernatant oc- 
curs in a manner shown in Table I. The sediment is worked up for the 
preparation of glutaminase I. 
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Preparation of Glutaminase 1—The sediment from the above centrifuga- 
tion is dispersed in several volumes of water, allowed to stand for | hour, 
and then centrifuged in the refrigerated Sharples centrifuge. The super- 
natant is discarded. ‘This procedure is repeated in the presence of 0.05 m 
KCl. For assay, the final sediment is suspended in water. Approximately 
25 to 30 per cent of the original activity of the crude homogenate is re- 
covered. Some of the activity may have been lost in the different super- 
natants, owing possibly to incomplete sedimentation of the particles at 
each step, and possibly to partial extraction of the enzyme. 

On a nitrogen basis, the activity is concentrated about 3-fold. No at- 
tempt was made to purify the preparation further, since its glutaminase 
activity was accelerated by added phosphate but not by added pyruvate, 
and hence it possessed glutaminase I activity and no glutaminase II 
activity. 

Preparation of Glutaminase I11—The supernatant from the original 
centrifugation of the crude liver homogenate can be further fractionated 
to yield glutaminase II. It has been found, however, that a more efficient 
and cleaner fractionation is achieved through a preliminary treatment of 
the homogenate with ethanol at low temperature. The crude homogenate 
is therefore treated at — 10° with cold 50 per cent ethanol to a final alcohol 
concentration of 20 per cent. The mixture is permitted to stand at — 10° 
for 12 hours and then centrifuged in the refrigerated Sharples centrifuge. 
The sediment is discarded. 

The supernatant is then brought to pH 5.3, allowed to stand for 2 hours, 
and then centrifuged in the Sharples centrifuge. The supernatant is 
discarded. The sediment, which contains most of the glutaminase II 
activity, is mixed with 3 volumes of water and crushed ice in a Waring 
blendor, and the mixture allowed to stand for 2 hours at 0° and then centri- 
fuged in an International refrigerated centrifuge for 30 minutes. The 
enzyme activity is now found in the supernatant.' 

This supernatant is adjusted to pH 6.5 and solid KCI is added to a final 
concentration of 0.05 m. An equal volume of chilled 70 per cent ethanol 
is added, and the alcoholic mixture allowed to stand for 12 hours at — 15”. 
The mixture is centrifuged in the Sharples centrifuge and the supernatant 
discarded. 

The sediment from the above operation is suspended in water at pH 6.8, 
and allowed to stand for several hours to extract the enzymatic activity. 


' The sediment from this operation contains asparaginase activity. It is washed 
in 0.04 N acetate buffer at pH 5.3, and then extracted overnight with 3 times its 
volume of 0.05 uw KCl at pH 6.2. After removal of the insoluble material by cen- 
trifugation the supernatant may be employed for the preparation of asparaginase 
free from glutaminase. 


A. 
| 
sex- 
by 4 
Ties, j 
and 
xide 
tures | | 
vate, 
Litro- 
iffer. 
fion | 
| 
| | 
rally 
para- 
te of 
I ac- 
ity is | 
issue 
rht of | 
toa 
entri- 
» the 
t oc- 
r the 


486 LIVER GLUTAMINASES 


After centrifugation in the Sharples centrifuge, the sediment is discarded 
and the chilled supernatant treated with an equal volume of chilled 70 
per cent ethanol. After standing for 12 hours at —15°, a small, inactive 
precipitate is discarded by centrifugation. The supernatant is treated 
with solid KCI to a concentration of 0.05 m, brought to pI 5.3, and allowed 
to stand for 2 hours. The mixture is centrifuged in the refrigerated 
Sharples centrifuge and the supernatant discarded. 

The sediment is suspended in 4 volumes of cold water and allowed to 
extract in the cold. After centrifugation, the sediment is discarded, and 
the supernatant adjusted to pl! 6.6 and treated with 75 per cent ethanol 
to a final aleohol concentration of 12.5 per cent. A small inactive precipi- 
tate is discarded. The pH is then adjusted to 5.4 and an abundant active 


Taste Il 
Actiwity of Purified Enzyme Preparations 


Glutamine hydrol 


Preparation Salt added® 
ue 
Original homogenate None 0.15-0.25 
Phosphate 0.65-0.95 
Pyruvate 0.45-0.75 
Gilutaminase | None 0.45 
Phosphate 1.93 
Pyruvate 0.0 
- Il (Fraction None 0.0 
IIb) Phosphate 0.0 
Pyruvate 10.4 


° Phosphate added, 100 um; pyruvate added, 46 uM. 


precipitate appears, which is immediately centrifuged in the Sharples centri- 
fuge. This sedimented precipitate is extracted with 4 volumes of water, 
centrifuged, and the supernatant designated as Fraction Ila (relative ac- 
tivity, 8.3; 20 per cent of initial activity of crude homogenate recovered). 
If the alcohol concentration of this supernatant is increased to 30 per cent, 
a precipitate forms which, after centrifuging and solution in water, yields 
a fraction designated Fraction IIb (relative activity, 10.4). 

Two other preparations obtained by similar procedures possessed rela- 
tive activities of 5.4 and 6.5 (Fractions I and III respectively). 

The absolute separation of glutaminase I and glutaminase II activity 
is shown in Table LI. 

Studies on Glutaminase II 

Effect of pH—The effect of pl on desamidation of glutamine by 

glutaminase II was investigated. The maximum rate of desamidation 
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was found to be near pH 7.7. Below pH 5 and above pH 10 only about 
10 per cent of the maximum activity was noted. The pH optimum noted 
for digests with crude tissue extracts was 7.2 (5) (Fig. 1). 

Time Curve of Reaction--Experiments in which the desamidation of 
glutamine was followed for a period of several hours revealed that (a) 
the substrate is almost completely hydrolyzed in 3 hours, and (6) the 
rate of hydrolysis is practically constant until 50 per cent of the substrate 
is split (Fig. 2). 

Effect of Enzyme Concentration—The rate of hydrolysis was proportional 
to protein concentration up to a value of approximately 600 7 of protein 


GLUTAMINASE I 


MICROMOLES AMMONIA NITROGEN 


Fic. 1. Effect of pH on glutaminase II activity. The digests consisted of a total 
volume of 5 cc. containing 14.5 uM of glutamine, 23 um of pyruvate, 1.25 mg. of protein 
nitrogen in 0.024 w veronal buffer (Fraction I). 


nitrogen (Fig. 3). The flattening of the curve at higher protein concen- 
trations might be due to the need for more pyruvate for maintenance of 
optimal activity, as the amount of enzyme becomes excessive. 

Order of Reaction—-Enzymatic activities were calculated from the initial 
reaction rates, obtained from a family of curves of hydrolysis against time 
determined at a low glutamine concentration and at different pyruvate 
concentrations. ‘These data fitted a first order curve and rate constants 
were calculated for each pyruvate concentration from the equation 


100 
00 —a 


1 
Ba is; 


where K = the rate constant, a the per cent of total available substrate 
hydrolyzed in time ¢ (Table III). 
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Fic. 2. Relation between time of incubation and desamidation of glutamine by 
glutaminase II. The digests consisted of a total volume of 6 ce. containing 46 | 
wm of glutamine, 23 uw of sodium pyruvate, 0.871 mg. of protein nitrogen in 0.010 w 
veronal buffer at pH 7.7 (Fraction |). 
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MILLIGRAMS PROTEIN NITROGEN 
Fic. 3. Effect of enzyme concentration on glutamine desamidation by glutaminase r 


II. The digests consisted of a total volume of 6 cc. containing 14.6 um of glutamine, n 
23 wm of sodium pyruvate, and protein Fraction III in 0.01 m veronal-acetate buffer 
at pH 7.7. Incubation period 60 minutes. t 


Influence of Glutamine Concentration—Influence of glutamine concen- 
tration is illustrated in Fig. 4. The data show that saturation of enzyme 
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Taste III 
First Order Reaction Constants for Glutaminase II Activity at Low Glutamine 
Concentration* 
Pyruvate, 0.48 uu Pyruvate, 1.37 um Pyruvate, 2.92 um 
ais. min min 

17 0.00143 l4 0.00307 15 0.00470 
33 0.00112 33 0.00300 30 0.00457 
63 0.00129 O4 0.00340 61 0.00458 
129 0.00100 131 0.00386 125 0.00443 
182 0.00112 185 0.00304 189 0.00245 
Mean 0.00119 0.00327 0.00456 


| * The digests consisted of 2 cc. containing 1.4 um of glutamine and the indicated 
amounts of pyruvate in 0.015 m veronal-acetate buffer at pH 7.7 plus water to bri ¢ 
to volume. Fraction Ila, 0.418 mg. of protein N. 


MICROMOLES AMMONIA NITROGEN 


4 8 12 6 
MICROMOLES GLUTAMINE 
Fic. 4. Effect of substrate concentration on glutaminase II activity. The 
digests consisted of 2 ec. containing 46 um (@) or 4.6 um (X) of sodium pyruvate plus 


protein Fraction III in 0.150 m veronal-acetate buffer at pH 7.7; 1 mg. of protein 
nitrogen. Incubation period 90 minutes. 


towards substrate occurs at a glutamine concentration approximately 5 
tumes lower for the digest containing 10 times less pyruvate. 
Pyruvate Recovery—It has been reported (1-5) that the pyruvate added 
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to digests of tissue and glutamine could be nearly quantitatively recovered 
at the end of the reaction. Repetition of these experiments with purified 
glutaminase II and low pyruvate concentrations revealed no appreciable 
disappearance of the keto acid. 

These experiments were performed with 2 cc. digests containing 7.3 ux 
of glutamine, 4.53 um of sodium pyruvate, and 1.05 mg. of protein nitrogen 
(Fraction IIb) in 0.015 m veronal-acetate buffer at pH 7.7. Sodium py- 
ruvate was determined as the 2,4-dinitrophenylhydrazone as previously 
described (6). At 0, 90, and 190 minutes of incubation, 4.48, 4.12, and 
4.08 um of pyruvate were recovered, respectively. 


Taste lV 
Effect of Inhibitors on Glutaminase II* 
Potassium cyanide . — 0.0 100 
Sodium iodoacetate | 0.0 100 
thioglycolate... 1.95 25 
azide 1.85 
Cysteine.... 0.5% 77 
Sodium fluoride...._. 2.55 0 
Potassium iodide . 1.83 


* The digests consisted of 2 cc. containing 7.3 am of glutamine, 23 amu of pyre 
vate, 30 uw of inhibitor, and 0.192 mg. of protein N (Fraction Ila) in 0.015 » 
veronal-acetate buffer at pH 7.7, plus water to bring to volume. Incubation 
period, 90 minutes at 37°. 


Approximately 90 per cent of the added pyruvate was recovered at the | 
end of the experiment. This is about the same recovery obtained after 
incubation of pyruvate with a preparation containing no glutamine. 

Inhibition Studies—In order to characterize this enzymatic system 
further certain reagents were tested for their possible inhibitory effect. 
The results of these studies are shown in Table IV. Inhibition by KCN 
and iodoacetate is at least partly reversible, since dialysis of the solution of 
enzyme plus inhibitor for 3} hours restored 40 per cent of the activity n 
the case of KCN and 75 per cent with iodoacetate. Complete inhibition 
was noted with 0.012 w KCN. 

Action on Isoglutamine and Asparagine —Glutaminase I1 has very little 
effect on asparagine. Isoglutamine, which is very rapidly hydrolyzed by 
crude liver extracts (2), is also hydrolyzed by glutaminase II (Fraction 
IIb). The relative activity found for this substrate was 4.1 under con | 
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ditions identical with those given in Table II. No appreciable accelera- 
tion of the desamidation of this a-amide was found in the presence of 
pyruvate. 

Dehydropeptidase Activity—As a possible condensation between glutamine 
and the keto acids to form an intermediary dehydropeptide had previously 
been suggested as an explanation for this enzymatic reaction (1), it was 
thought of interest to test glutaminase II preparations for dehydropep- 
tidase activity. 2 cc. digests containing the following were incubated 
for 60 minutes: 6.25 um of dehydropeptide and 0.195 mg. of protein nitro- 


MICROMOLES AMMONIA NITROGEN 


8 l2 
MICROMOLES PHENYLPYRUVIC ACID 


Fic. 5. Influence of phenylpyruvie acid on the desamidation of glutamine by 
glutaminase II. The digests consisted of 2 cc. containing 7.3 um of glutamine and 
0.167 mg. of protein nitrogen (Fraction IIb). 


gen of Fraction Ilb in 0.015 m veronal-acetate buffer at pH 7.7. It was 
found that, whereas glycyldehydroalanine and chloroacetyldehydroalanine 
are relatively slightly hydrolyzed (relative activity, 5.0 in both cases), 
alanyldehydroalanine is still split at an appreciable rate (relative activity, 
17). However, no definite conclusions can be drawn from these facts, 
because the possible dehydropeptide arising from the condensation of 
glutamine and pyruvic acid would not necessarily be hydrolyzed by the 
same enzyme as any of the dehydropeptides tested. 
Phenylpyruvate—It had previously been found that sodium phenyl 
pyruvate was capable of accelerating the desamidation by crude liver ex- 
tracts (5). The same phenomenon was observed with the partially puri- 


fied preparation (Fig. 5). 
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DISCT SSION 


Fractionation experiments herein reported have led to the separation 
of two different enzyme systems from rat liver which are capable of hy- 
drolyzing the amide group of glutamine under different conditions. One 
system is active in the presence of phosphate, the other in the presence of 
pyruvate. The systems have been designated glutaminase I and glu- 
taminase I], respectively. 

Glutaminase I—In earlier studies it had been shown that the rate of 
desamidation of glutamine was considerably accelerated in the presence 
of phosphate, arsenate, sulfate, and ethyl phosphonate in liver, spleen, and 
brain extracts (6,7). Glutaminase I, which is apparently bound to in- 
soluble tissue particles in the liver and kidney, hydrolyzes glutamine more 
actively in the presence of added phosphate than in its absence. It is pos- 
sible that similar preparations could be obtained from brain and spleen 
extracts and that sulfate, arsenate, and ethyl phosphonate might also be 
found to be activating agents. This, however, awaits further study. It 
is difficult to decide whether the activity of crude tissue extracts towards 
glutamine in the absence of added salt is due to activation by tissue electro- 
lytes. Extensive dialysis (7) or washing of the active insoluble material 
does not result in complete loss of activity in the absence of added phos- 
phate. It is possible that inorganic phosphate liberated from tissue com- 
ponents, such as nucleic acid, during the course of incubation may serve 
as an activator in initially phosphate-free media. 

Glutaminase 1]—Glutaminase II activity appears to be an exclusive 
liver function. It has been found only in hepatic tissues, whether fetal, 
adult, or neoplastic (4). The enzyme is water-soluble and when partially 
purified is not active in the absence of added a-keto acids. Pyruvate, 
phenyl pyruvate (5), and a-ketoisocaproic acid (8) have been found to 
activate the enzyme in crude extracts. No activation was found with 
crude extracts with added pyruvoylglycine, lactic acid, or levulinic acid. 
The desamidation of isoglutamine, like other a-amides, is not accelerated 
by added pyruvate (3). The reaction thus seems to concern the y-amide 
group of the amino acid amide and the a-keto group of the keto acid, 
which in this case appears to play the réle of a cosubstrate and is fully 
recovered at the end of the reaction. 

The mechanism of activation of glutaminase by pyruvate is not yet 
clear. The hypothesis of Greenstein and Carter (1), involving a pre- 
liminary condensation of glutamine and keto acid on the surface of the 
enzyme to form a susceptible dehydropeptide, followed by enzymatic 
hydrolysis of this intermediate, while plausible is not yet proved. It 
is also conceivable that pyruvate might function as a coenzyme, and that 
enzymatic activity is dependent upon the formation of a reversible en- 
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zyme-pyTuvate complex. Further study of the pyruvate activation of 


glutaminase is necessary in order to elucidate this mechanism. 


SUMMARY 


1. Aqueous liver extracts have been separated into two distinct frac- 
tions, designated glutaminases I and II, which are capable of hydrolyzing 
glutamine under different conditions. 

2. Glutaminase I is activated by phosphate and not by pyruvate, and 
is bound to insoluble liver particles. 

3. Glutaminase II is water-soluble, active in the presence of sodium 
pyruvate, and not in the presence of phosphate. Sodium phenyl pyruvate 
also activates this enzyme. 


The author is very grateful for help and encouragement to Dr. J. P. 
Greenstein with whom it has been a stimulating pleasure to work, to Dr. 
J. Shack for valuable advice during the fractionation and kinetic studies, 
and to Dr. A. Meister for useful criticisms of the manuscript. 
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PHOSPHATE-ACTIVATED GLUTAMINASE IN KIDNEY AND 
OTHER TISSUES 
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Glutaminase I| is the designation given the enzyme in rat liver, brain, 
and spleen extracts which is accelerated by added phosphate or arsenate 
(1-3) to distinguish it from liver glutaminase II which is active only in 
the presence of added a-keto acids (3-5). At a final concentration of 
added phosphate or arsenate of 0.01 m, the desamidation of glutamine in 
aqueous extracts of rat liver, brain, and spleen is considerably accelerated, 
whereas that in extracts of kidney is apparently unaffected (5). We 
have, however, subsequently noted that an appreciable phosphate and 
arsenate activation of rat kidney glutaminase can be demonstrated in 
extracts more diluted, and at concentrations of phosphate or arsenate 
more elevated, than those employed heretofore. The characteristics of 
this activation, and extension of the phenomena to other tissues in various 
species, are described. 


EXPERIMENTAL 


The t-glutamine employed was a gift of the American Cyanamid Com- 
pany. Unless otherwise stated, the digests consisted of 1 ce. of fresh 
aqueous tissue extract, 2 cc. of 0.14 mM veronal-acetate buffer, and 1 cc. of 
either glutamine solution at the concentration designated or distilled 
water. The extract was prepared by grinding the fresh tissue with sand to 
a paste, taking up the material in the desired quantity of distilled water, 
and lightly centrifuging to remove sand and tissue débris. The extract 
was always immediately employed. The veronal buffer contained 0.13 m 
sodium chloride. Sodium hydrogen phosphate or arsenate was dissolved 
in this buffer when desired, and the pH subsequently adjusted with either 
NaOH or HCl. Glutamine solutions in distilled water were prepared 
daily. Enzymatic activity at 37° was followed by measuring the am- 
monia evolved during the course of the reaction (1-5). No measurable 
ammonia was evolved in digests of extracts which were heated at 100° 
for 10 minutes, cooled, and incubated 1 hour at 37° with glutamine and 
Phosphate (1)). 

* Research Fellow, National Cancer Institute; on leave from the University of 
Brussels, Belgium. 
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Effect of Various Phosphate and Arsenate Concentrations on Rat Kidney 
Glutaminase I[—A series of digests was prepared containing a 2 per cent rat 
kidney aqueous extract, with two different concentrations of glutamine, and 
with added phosphate or arsenate to yield various concentrations at a 
carefully adjusted constant pH of each digest of 8.0. The data are given 
in Fig. 1. 

A maximum activation by added phosphate is apparently attained at 
0.05 to 0.06 mM concentration when 14 um of glutamine were employed, and 
at 0.10 to 0.12 m concentration when 28 ym of glutamine were employed 


20 
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S GLUTAMINE HYDROL 


005 010 015 020 
MOLARITY OF FINAL PHOSPHATE OR ARSENATE CONCENTRATION 
Fic. 1. Effect of phosphate and arsenate concentration on glutamine desamida- 
tion. The digests included | ec. of aqueous rat kidney extract containing 2 mg. of 
tissue. Incubation period | hour at 37°. pH of each digest set at 8.0. The con- 
tinuous curves refer to 28 uu of glutamine, the dotted curves to 14 uu of glutamine 
in the digests. X = phosphate; @ = arsenate. 


(Fig. 1). For both concentrations of glutamine, the molar ratio of added 
phosphate to glutamine at the point of maximum activation is about 17. 
For rat liver and brain, this molar ratio is about 8 (2). Unlike extracts of 
rat liver (1) and particularly brain (2), the glutaminase activity of which is 
very responsive to quite small amounts of added phosphate, extracts of 
rat kidney require much more added phosphate before an activation of 
the glutaminase activity becomes appreciable (Fig. 1). Like liver (1) 
and brain (2), when the activation by added phosphate of kidney glu- 
taminase has reached a maximum, further addition of phosphate produces 
no further acceleration in the enzymatic desamidation of glutamine. This 
flattening off of the phosphate concentration-glutaminase activity curves 
stands in marked contrast with the pyruvate concentration-glutaminase 
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activity curves with rat liver extracts (5), and purified preparations there- 
from (glutaminase II) (3), which decrease with increasing pyruvate after 
the optimal concentration has been reached. 

In the absence of added phosphate, the desamidation rates for the two 
concentrations of glutamine used are not very different (Fig. 1). With 
increasing concentration of phosphate, the desamidation at each concen- 
tration of glutamine increasingly diverges until at the maximum phosphate 
activation the ratio of desamidation of the higher to the lower concentration 
of substrate is about 1.8:1, or close to the ratio of 2:1 for the original 
substrate concentrations (Fig. 1). 

Arsenate also activates the desamidation of glutamine in rat kidney 
extracts (Fig. 1), but its effect is apparently weaker than that of phosphate 
within the concentration ranges studied. At higher concentrations, the 
activation by arsenate apparently approaches that of phosphate. 

The acceleration of glutamine desamidation by added phosphate and 
arsenate occurs in digests already containing 0.065 m NaCl. Sodium 
nitrate or pyruvate added to a final concentration of 0.2 m produces no 
activation of glutaminase activity in rat kidney digests (cf. (5)). 

Time Course of Reaction—With increasing time of incubation, and 
in the presence of added phosphate, the desamidation of glutamine ap- 
proaches the theoretical, limiting value of 12.5 to 13 um of substrate hy- 
drolyzed, based upon the purity of the glutamine preparation (about 
90 to 95 per cent as judged by a 1 minute HC! hydrolysis). In the ab- 
sence of added phosphate the desamidation proceeds relatively slowly 
(Fig. 2). 

pH-Activity Relation—The pH at which the optimal rate of desamida- 
tion of glutamine occurs in rat kidney digests, whether in the presence or 
absence of added phosphate, is close to 8.0 (Fig. 3). As in the case of 
liver (1) and of brain (2), the activation by phosphate does not alter the 
position of the pH-activity optimum. 

Inorganic Phosphate Concentration in Rat Kidney Erxtracts—Digests 
consisting of 1 cc. of fresh rat kidney aqueous extract equivalent to 330 
mg. of tissue, 2 cc. of veronal buffer, and 1 cc. of glutamine were incubated 
for 1 hour at 37°. The inorganic phosphate concentration at the beginning 
of the incubation period for six such digests varied from 0.0015 to 0.0019 m. 
After incubation, the corresponding range was 0.0021 to 0.0024 m. The 
kidney extracts employed in the enzyme studies reported were diluted a 
little over 16-fold from the above, and the phosphate concentrations were 
diluted approximately in proportion. The final phosphate concentra- 
tion in the digests described in Figs. 1 to 3 was therefore only negligibly 
affected by the inorganic phosphate inherently present in the dilute ex- 
tracts used. 
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MICROMOLES GLUTAMINE HYDROLYZEO 


HOURS INCUBATION 


Fic. 2. Time course of phosphate activation of rat kidney glutaminase. The 
digests included 1 cc. of aqueous rat kidney extract containing 20 mg. of tissue. 
@ = added phosphate; X = no added phosphate. 


20 


RATE OF DESAMIDATION 


Fic. 3. pH-activity curve of phosphate activation. The digests consisted of 0.1 | 
ec. of rat kidney extract equivalent to 33 mg. of tissue, 0.5 cc. of veronal-acetate 
buffer, 0.5 cc. of either water or 0.1 mM phosphate, 0.5 cc. of either water or 0.014 
glutamine solution, and 0.2 cc. of water. The ordinate is given in terms of micro- 
moles X 100 of glutamine hydrolyzed per minute under these conditions. @ = 
added phosphate; X = no added phosphate. 


Separation of Phosphate-Activatable Glutaminase (Glutaminase 1) from . 
Rat Kidney Extracts—The chilled tissue extract, equivalent to 330 mg. of 
fresh tissue per cc., was brought to pH 7.7 and centrifuged for 50 minutes 
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at 50,000 R.p.m. in the refrigerated Sharples centrifuge. Practically 
all of the phosphate-activatable glutaminase of the extract was recovered 
in the sedimentable fraction. The data are given in Table I. Based upon 
the activity per mg. of total N in the enzyme preparations, a 2- to 3-fold 
increase in glutaminase I was achieved by the centrifugation. In all re- 
spects studied, these results are similar to those obtained for glutaminase I 
in rat liver (3). 

Phosphate Activation of Glutaminase Activily in Tissues of Other Species 
—In order to obtain some information on how general the phenomenon of 
phosphate activation of glutaminase (glutaminase I activity) might be, 
extracts of various tissues of rats, mice, rabbits, and guinea pigs were 
studied in the presence and absence of 0.10 m added phosphate concen- 
tration. Suitable blanks to determine the preformed ammonia in the 
more concentrated tissue extracts were prepared, and appropriate correc- 


Taste I 
Separation of Glutaminase I in Rat Kidney Extract* 


evolved 
Fraction 
No PO, POs 
Extract....... a 28 | 
Supernatant 3 6 


Pellett.. .. 21 152 


* The digests consisted of 0.2 cc. of enzyme preparation, | cc. of 0.014 m glutamine 
solution, and | ec. of water or 0.1 mM phosphate. 
t Made up to original volume. 


tions made in the data. ‘The results of these studies are given in Table 
II, and represent data on twenty rats, forty mice, three rabbits, and four 
guinea pigs. The tissues from each of the rabbits and guinea pigs were 
studied separately. Certain tissues of the rat (spleen, brain) and all 
of the mouse tissues from a number of animals were pooled. The varia- 
tion between tissue samples studied under the same conditions in each 
species was about +10 per cent. 

In digests containing brain or spleen extracts from all four species, there 
is considerable activation of glutaminase by added phosphate. With 
extracts of kidney and liver, however, a marked activation occurs only in 
the case of the rat and the mouse. ‘The glutaminase activity of extracts 
of the liver and kidney of the rabbit and guinea pig is relatively little 
affected by added phosphate. Phosphate added at 0.05 and 0.20 final 
molar concentration to extracts of rabbit and guinea pig kidney and liver 
gave results no different than at 0.10 m. 
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Fresh rabbit or guinea pig liver was homogenized with a little more than 
its weight of water, centrifuged lightly for 30 seconds, cold water was 
added to the supernatant to 3 times the weight of the tissue, and the mix- 
ture centrifuged for 1 hour in the refrigerated International centrifuge at 
18,000 r.p.m. The pellet was mixed with water and brought up to the 
original volume. Digests consisting of 1 cc. of this mixture, 2 cc. of veronal- 
acetate-NaCl buffer at pH 8.3, and 1 cc. of either water or 0.014 m glu- 
tamine solution were incubated for 1 hour. In the absence of added phos- 
phate, 1 to 2 um of glutamine was hydrolyzed by rabbit or guinea pig 
liver preparations. In the presence of phosphate added to 0.1 m final con- 
centration, 2 to 3 um of glutamine were hydrolyzed. In the absence of 


II 
Glutaminase Activity in Tissues of Various Species* 


Glutamine hydrolyzed in 1 br., ux 


Braint Spleen? 
No POs | PO, No PO, | PO. 


Kidneyt | Liver? 
No PO. PO. No PO. PO 


~ 


| 


* The digests consisted of 1 cc. of fresh aqueous tissue extract, 2 ec. of veronal- 
acetate-NaCl buffer with and without sodium phosphate, and 1 cc. of either water 
or 0.014 m glutamine solution. Final concentration of added phosphate, 0.10 m. 


pH 8.0 in each digest. Temperature 37°. 
+t Each cc. of extract equivalent to 20 mg. of tissue. 
t Each cc. of extract equivalent to 330 mg. of tissue. 


phosphate, similar rat liver preparations hydrolyzed about 2 um of glu- 
tamine, and in the presence of added phosphate about 11 um of glutamine. 
Most of the phosphate-activatable glutaminase of extracts of rabbit, guinea 
pig, or rat liver is recoverable in the first sedimentable fraction and, on the 
basis of estimation of total N per unit volume, is concentrated by such 
sedimentation about 2- to 3-fold. 

In order to see whether there was any pyruvate-activated glutaminase ac- 
tivity (glutaminase II) in the livers of rabbits and guinea pigs, digests 
consisting of 1 cc. of aqueous liver extract equivalent to 330 mg. of fresh 
tissue, 1 cc. of veronal buffer at pH 6.8, | cc. of 0.014 m glutamine solu- 
tion, and 1 cc. of either water or 0.023 m sodium pyruvate solution were 
incubated for 4 hours at 37°. In the absence of added pyruvate, less 
than 0.5 um of glutamine was hydrolyzed. In the presence of pyruvate, 
1 to 2 um of glutamine was hydrolyzed by rabbit or guinea pig liver ex- 


| 
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tracts. Under similar experimental conditions, and, in the presence of 
added pyruvate, extracts of rat or mouse liver hydrolyze about 10 us of 
glutamine (4-6). The glutaminase of rabbit and guinea pig liver is ap- 
parently not readily activated by added phosphate or pyruvate. 

The sedimentable fraction of rat liver (3) and of rat kidney (Table I) 
possesses significant glutaminase activity in the absence of added phos- 
phate; addition of phosphate results in a considerable increase in this 
activity. The sedimentable fraction of rabbit and guinea pig liver ex- 
tracts also possesses significant glutaminase activity, but addition of phos- 
phate does not result in a very appreciable acceleration of this activity. 
These results suggest that either (a) we have not yet found the appropri- 
ate conditions to demonstrate phosphate activation of the glutaminase 
of rabbit and guinea pig liver preparations, or (b) there is a third type 
of glutaminase for whose activity phosphate is apparently not essential. 
If the second of these possibilities is true, it would suggest that the phos- 
phate-activated glutaminase in the sedimentable fraction (glutaminase I) 
(3), like the pyruvate-activated glutaminase in the supernatant (glu- 
taminase II) (3), demonstrates activity only in the presence of these re- 
spective anions. On this assumption, glutaminase I is present in liver, 
kidney, brain, and spleen of rats and mice and in the brain and spleen of 
rabbits and guinea pigs, while glutaminase II is present in the livers of 
rats and mice; glutaminase I is relatively weak in rabbit and guinea pig 
kidney and liver, and glutaminase II similarly weak in rabbit and guinea 
pig liver. ‘The presumably non-activatable glutaminase would be present 
in all tissues studied. 


SUMMARY 


1. Studies of the phosphate activation of glutaminase activity (glu- 
taminase I), hitherto studied in the tissues of the rat, have been extended to 
include other species. 

2. The glutaminase activity at pH 8.0 in aqueous extracts of rat and 
mouse kidney, liver, brain, and spleen and of rabbit and guinea pig brain 
and spleen is greatly increased by added phosphate. Under the same 
conditions, the glutaminase activity of extracts of rabbit and guinea pig 
kidney and liver and of the sedimentable fraction of rabbit and guinea pig 
liver is only slightly increased by added phosphate. 

3. Studies of the effect of various phosphate concentrations on the 
desamidation of glutamine in extracts of rat kidney revealed that a higher 
concentration of phosphate was necessary to achieve an appreciable ac- 
celeration of desamidation than was the case in extracts of brain or liver. 
The concentration of phosphate required to yield maximum acceleration 
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of glutaminase activity appeared to be proportional to the concentration 
of glutamine used. 

4. Arsenate also accelerated glutaminase activity in rat kidney ex- 
tracts but appeared to be relatively less effective than phosphate. 

5. The pH for maximum glutaminase activity in rat kidney extracts, 
in the presence or absence of added phosphate, was close to 8.0. 

6. Most of the phosphate-activatable glutaminase kidney extract can 
be recovered in the pellet after submitting the extract to a single high 
speed centrifugation. A 2- to 3-fold increase in activity was thereby 
achieved. 

7. The distribution of glutaminase activity among the tissues of various 
species is discussed. 
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PREPARATION OF AND p-ALANINE BY ENZYMATIC 
RESOLUTION OF ACETYL-pt-ALANINE 


By PAUL J. FODOR,* VINCENT E. PRICE, ano JESSE P. GREENSTEIN 
(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, October 29, 1948) 


Studies under way in this laboratory on the separation and characteriza- 
tion of intracellular peptidase systems of tissues have required the avail- 
ability of large stocks of optically pure amino acids for the synthesis of 
appropriate substrates. The observation that aqueous extracts of rat 
kidney rapidly hydrolyzed one of the isomers of acetyl-pL-alanine (1) sug- 
gested a simple, convenient, and rapid method of preparing L- and p- 
alanine in quantity and with a high degree of optical purity. 

Other enzymatic methods of resolution of racemic amino acids include 
that of asymmetric synthesis with aniline to resolve pi-phenylalanine (2), 
pi-glutamic acid (3), and pi-methionine (4), and by the use of p-amino 
acid oxidase to obtain L-alanine from pt-alanine (5, 6). The last method 
obviously involves the loss of p-alanine. Studies by du Vigneaud and 
coworkers (7) have shown that acetyl-p-phenylaminobutyric acid is not 
hydrolyzed in the body of the rat. 


EXPERIMENTAL 
Preparation of L- and v- Alanine 


Acetyl-pL-alanine was prepared by heating 1 mole of pt-alanine with 1.5 
moles of acetic anhydride and 12 moles of glacial acetic acid for 2 hours on 
the steam bath (cf. (8)). The resulting solution was evaporated tin vacuo 
to a syrup, and the residue treated several times with water. After the 
final evaporation, the residue was dissolved in the minimum amount of 
acetone. On chilling and scratching, acetyl-pL-alanine rapidly crystal- 
lized. The product was crystallized again from acetone and separated in 
the form of prisms; m.p. 136°; N found, 10.7 per cent; calculated, 10.7 per 
cent. The yield of pure product was about 40 per cent. 

A fresh hog kidney preparation was employed as the enzyme source. 
The initial crude homogenate of this tissue hydrolyzed 350 um of acetyl- 
DL-alanine per hour per mg. of N at a substrate concentration of 0.5 M, 
as compared with a similar homogenate of rat kidney which, under the 
same conditions, hydrolyzed 24 um of acetyl-pt-alanine. A moderate con- 
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centration of enzymatic activity in the hog kidney homogenate wag 
achieved in the following manner: 4 kilos of fresh frozen hog kidneys were 
decorticated, and 3280 gm. of cortex ground in a Waring blendor and sus. 
pended in 8200 ec. of cold, distilled water. After being stirred for | hour 
in the cold and filtered through gauze, the extract was chilled, and 78 
per cent alcohol was added to a concentration of 15 percent. After stand- 
ing for 12 hours at —6’, the mixture was centrifuged at 2600 R.P.M. in 4 
refrigerated centrifuge for 45 minutes. The supernatant was taken to 30 
per cent alcohol, adjusted to pH 6.3, and allowed to stand for 12 hours at 
—15°. The mixture was then centrifuged in a Sharples refrigerated cen- 
trifuge at 50,000 xp. The pli of the supernatant was lowered to 5.1, 
and the mixture allowed to stand for 12 hours. On centrifuging at 2600 
R.P.M., a pellet of material was obtained which hydrolyzed acetyl-pt- 
alanine at the rate of 1400 um per hour per mg. of N. 

The resolution was carried out in a mixture of 715 gm. of acetyl-pL- 
alanine, 360 ec. of 28 per cent ammonium hydroxide, and sufficient water 
to bring the volume to 4 liters. The pI] was 7.9. 1000 ec. of a suspension 
of the enzyme containing 1.5 gm. of protein N were added, and the mixture 
was incubated at 37°. After 4 hours, determinations by the Van Slyke 
gasometric procedure revealed that about 80 per cent of the susceptible 
form of the racemic substrate was hydrolyzed. 500 cc. more of the enzyme 
suspension were added. Assays at the 12th hour of incubation showed 
100 per cent hydrolysis of the susceptible form. No further hydrolysis 
was noted at the Mth and 16th hours of incubation. 

The digest was then treated with 360 cc. of glacial acetic acid to bring 
the pH to 4.5, and 15 gm. of norit were added. After shaking and sub- 
sequent filtration, a nearly colorless filtrate was obtained. This was 
evaporated in vacuo to a volume of | liter at a temperature never exceeding 
35°. 2.5 volumes of absolute alcoho! were added and the mixture was al- 
lowed to stand for 12 hours. The precipitate, which was nearly pure 
L-alanine, was filtered at the pump and washed thoroughly with alcohol 
until free from ammonia. The combined filtrate and washings, which 
contained acetyl-p-alanine, were set aside. The preparation of L-alanine, 
which weighed 209 gm. when dried (theory, 245 gm.), was recrystallized 
from a water-alcohol mixture. It separated as pure white clusters of fine 
needles. Yield, 169 gm. 9 gm. were recovered from the mother liquor, 
making a total yield of 73 per cent of the theory. [a]? = +14.4° (1.615 
gm. dissolved in 25 cc. of 1.0 N HCl); N 15.7 per cent; calculated, 15.7 
per cent. The method also revealed that the enzymatically susceptible 
isomer of acetyl-pL-alanine is the acety!-L-alanine. 

The combined alcoholic filtrates from the L-alanine preparations were 
acidified with HC] to pH 2.5 and allowed to stand several hours in the ice 
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chest. The precipitate, which was chiefly ammonium chloride, was re- 
moved. The filtrate was evaporated in vacuo, when more ammonium 
chloride separated on addition of acetone. This treatment was repeated 
until no further precipitate appeared on addition of acetone. The oily 
residue was dissolved in 3 liters of acetone and the solution treated with 6 
liters of ether. On standing in the ice chest overnight, an oily layer pre- 
cipitated which was removed and discarded. The ethereal supernatant 
solution was evaporated to a syrup of nearly pure acetyl-p-alanine. At- 
tempts to induce crystallization were fruitless. The residue was there- 
fore taken up in 10 volumes of 48 per cent HBr and the solution refluxed 
for 6 hours. Analysis showed that 95 to 100 per cent of the acetyl-p- 
alanine was thereby hydrolyzed. The solution was evaporated in vacuo 
and the residue distilled many times with water to remove excess acid. 
Concentrated ammonium hydroxide was added with cooling to pH 5.0, 
and the mixture treated with absolute alcohol to 80 per cent. The dense, 
white precipitate of nearly pure p-alanine was filtered at the pump, washed 
with alcohol until free from ammonia, and recrystallized from water- 
alcohol in the form of white, fine needles. Yield, 94 gm. [a]?7 = — 14.4° 
(1.5917 gm. dissolved in 25 ce. of 1.0 nN HCl); N 15.7 per cent; calculated, 
15.7 per cent.' 

The simple method described above leads to preparations of L- and p- 
alanine of high optical purity. The values noted for specific rotations of 
+14.4° and —14.4°, respectively, compare favorably with those reported 
in the literature. Clough (9) reported a value of +14.7° for L-alanine in 
0.97 s HCl at 15°, and Paecsu and Mullen (10) a value of +14.6° in 1.0 
~ HCI at 20° (ef. (11)). Dunn ef al. reported a value of +13.77° in 6.0 N 
HCI at 25° for L-alanine and —13.60° for p-alanine under the same condi- 
tions (12). [a]?? = —14.5° for p-alanine was reported by Pacsu and Mul- 
len (10). All of the other values in HCl, listed by Dunn et al. from the 
literature (12), are generally lower in magnitude than those cited. 


Preparation of Chloroacetyl-L-alanine and Chloroacetyl-p-alanine 


Kidney extracts hydrolyze only one isomer of chloroacetyl-pL-alanine 
(1) and a method has been devised whereby optically pure preparations of 
chloroacety]-L-alanine and chloroacetyl-p-alanine have been obtained. In 


' No serious attempts were made to work up the mother liquors from the various 
erystallizations of L- and p-alanine for further amounts of material, inasmuch as 
preliminary observations showed such material to have lower optical rotations. 
The yields, based throughout on the amount of acylated amino acid taken, are thus 
lower than they might be if the mother liquors had been sufficiently exploited. In 
such a case, the relative cost of the materials and of the investigator’s time must be 
considered. 
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the course of this study, a greater concentration of the hog kidney activity 
was achieved by the following procedure. 1050 gm. of hog kidney cortex 
were ground in a Waring blendor, suspended in 4000 cc. of cold water, and 
stirred for 2 hours. The extract, after filtering through gauze, hydrolyzed 
chloroacetyl-pL-alanine at a rate of 730 um per hour per mg. of N.  Aleco- 
hol was added to 15 per cent, and the mixture allowed to stand at —6’ 
and pH 7.0 for 12 hours. After centrifuging at 2600 r.p.M., the activity of 
the supernatant was 1285 um. ‘Two repetitions of this step, the first at pH 
6.6 and the second at pH 6.0, yielded a supernatant solution with an activ- 
ity of 2340 um. When alcohol was added to the supernatant to 30 per cent 
at pH 6.2, and the precipitate discarded, the activity rose to 2750 um. 
The pH was lowered to 5.6, and the mixture allowed to stand 12 hours at 
—15°. The pellet of material recovered on centrifuging had an activity 
of 6300 um. On suspending this in 450 ec. of cold water, adding alcohol 
to 15 per cent, and bringing the pH to 5.7 and the temperature to —6°, 
a new pellet was obtained on centrifuging which had an activity of 13,400 
um of chloroacetyl-pL-alanine hydrolyzed per hour per mg. of N. 

497 gm. of chloroacetyl-pi-alanine (13) (m.p. 125-126°; N found, 85 
per cent; calculated, 8.5 per cent) were suspended in 2 liters of water, 
brought to pH 7.7 with NaOH, and the resulting solution made up to 3900 
ec. with water. 100 cc. of enzyme suspension containing 0.136 gm. of 
protein N were added and the mixture was incubated at 37°. After 2 hours 
the racemic substrate was 50 per cent hydrolyzed (100 per cent of the 
susceptible isomer), and this figure did not change up to the 20th hour of 
incubation. 

The digest was acidified to pH 6.0, treated with norit, filtered, and 
evaporated in vacuo. It was brought to pH 2.5, evaporated in vacuo to 
dryness, and extracted several times with acetone. The chloroacetyl-p- 
alanine dissolved, leaving a mixture of L-alanine and sodium chloride. 
This mixture was taken up in cold 2 N NaOH and chloroacylated in the 
usual manner (13). After crystallization from ethyl acetate-petroleum 
ether, the yield of chloroacetyl-L-alanine was 99 gm. (theory, 248 gm.). 
M.p. 93°; [a]? = —45.6° (0.92 gm. dissolved in 25 cc. of HO). N, 85 
per cent; calculated, 8.5 per cent. Fischer and Schulze (14) reported a 
melting point of 93.5-94.5° (corrected) and [a]? = —45° (+0.2°) for their 
preparation of chloroacetyl-L-alanine. 

The combined acetone extracts containing chloroacetyl-p-alanine and 
chloroacetic acid were evaporated in vacuo to dryness, and the residue was 
extracted with ethyl acetate and again evaporated to dryness. On chilling, 
chloroacetyl-p-alanine separated in long prisms. The product was re- 
crystallized from ethyl acetate-petroleum ether. The yield was 105 gm. 
(theory, 248 gm.). M.p. 93°; [a] = +45.4° (0.956 gm. dissolved in 
25 cc. of HyO). N 8.5 per cent; calculated, 8.5 per cent. 
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Chloroacetyl-L-alanine and chloroacetyl-p-alanine were aminated in the 
usual manner (13, 14) and the corresponding glycyl peptides prepared and 
purified by several recrystallizations. [a]=° for glycyl-L-alanine in water 
= —49.4° (0.517 gm. dissolved in 25 ec. of H,O). N 19.2 per cent; cal- 
culated, 19.2 per cent. Fischer and Schulze (14) report a value of —50° 
for their preparation of glycyl-L-alanine. [a]? for glycyl-p-alanine in 
water = +49.5° (0.498 gm. dissolved in 25 ce. of H,O). N 19.0 per cent; 
calculated, 19.2 per cent. 


Enzymatic Hydrolysis of Other Acylated Racemic Amino Acids by Crude 
Kidney Extract 


The method described can presumably be applied to the preparation of 
the optical isomers of certain other amino acids, for only one isomer of the 
acylated racemic amino acids is hydrolyzed by hog kidney preparations. 
Acetyl-pi-valine (m.p. 148°; N found, 8.8 per cent; calculated, 8.8 per 
cent), acetyl-pL-leucine (m.p. 159°; N found, 8.2 per cent; calculated, 8.1 
per cent), acetyl-pL-tryptophan (m.p. 205°; N found, 11.2 per cent; cal- 
culated, 11.4 per cent), chloroacetyl-pL-tryptophan (m.p. 153°; N found, 
9.7 per cent; calculated, 9.9 per cent), chloroacetyl-pL-pheny lalanine (m.p. 
128°; N found, 5.9 per cent; calculated, 5.8 per cent), chloroacetyl-pL- 
serine (m.p. 123°; N found, 7.8 per cent; calculated, 7.8 per cent), acetyl- 
pi-glutamic acid (m.p. 172°; N found, 7.4 per cent; calculated, 7.4 per 
cent), and chloroacetyl-pi-threonine (m.p. 124°; N found 7.0; calculated, 
7.2) were prepared by the interaction of the racemic amino acids with either 
acetic anhydride or chloroacetyl chloride in alkaline medium. ‘The respec- 
tive compounds were crystallized either from water or alcohol-water. 
Acetyl-pi-phenylalanine (m.p. 146°; N found, 6.7 per cent; calculated, 
6.8 per cent), acetyl-pL-proline (m.p. 106°; N found, 8.8 per cent; calcu- 
lated, 8.9 per cent), acetyl-pL-isoleucine (m.p. 160°; N found, 8.1 per cent; 
calculated, 8.1 per cent), acetyl-pL-methionine (m.p. 111°; N found 7.3 
per cent; calculated, 7.4 per cent), acetyl-pt-histidine (m.p. 144°; N cal- 
culated 19.5 per cent for the compound with 1 mole of water of crystalliza- 
tion; found, 19.4 per cent), acetyl-pL-arginine (m.p. 256°; N found 25.3 
per cent; calculated, 25.9 per cent) were prepared by the general proce- 
dure of Knoop and Blanco (15) (ef. (8)), which consists of heating the 
amino acid solution in a mixture of glacial acetic acid and a little more than 
the theoretical amount of acetic anhydride. The respective compounds 
were crystallized from acetone or water-acetone. For further comparison, 
chloroacetylglycine (m.p. 100°; N found 9.2 per cent; calculated, 9.2 per 
cent), chloroacetylglycylglycine (m.p. 176°; N found 13.4 per cent; cal- 
culated, 13.3 per cent), and acetylglycine (m.p. 203°, N found 11.9 per cent; 
calculated, 12.0 per cent) were prepared and studied. The action of hog 
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kidney aqueous extracts on these compounds is described in Table I ip ' 
terms of micromoles hydrolyzed per hour per mg. of N in the extract. ' 
Of the acylated amino acids studied, those of methionine, glutamic acid, ; 
alanine, leucine, and serine, are rapidly hydrolyzed. Acylated valine, 
, 
Taste | I 
Enzymatic Hydrolysis of Acylated Amino Acids* by Crude Hog Kidney 
Ertract 
Substrate 
t 
Acetyl-pi-alaninet. . 161 
624 
Acetyl-pi-phenylalanine 7 
Chloroacetyl-pi-phenylalaninet 33 ‘ 
Acetyl-pL-tryptophan 0 
5 
. 6s 
Acetyl-pi-leucinet. 250 
Acetyl-pL-methioninet 800 
Acetyl-p.-proline 0 
Acetyl-pi-isoleucine 16 0 
Acetyl-pi-histidine 
Acetyl-p-argininet .. 30 
Acetyl-pi-glutamic acid 140 
580 
Chloroacetylgl ycine 133 ‘ 
6 


The digests were composed of 1 ce. >. of 00.05 neutralised substrate solutica, 
cc. of 0.06 « phosphate buffer at pl! 7.0, and | cc. of hog kidney cortex aqueous ex- ‘ 
tract. Incubation temperature 38°. Activity is maintained on dialysis. , 

t Only one isomer hydrolyzed after prolonged incubation. The other racemic , 
compounds were not studied because of the very low rate of hydrolysis. ; 


phenylalanine, arginine, threonine, histidine, and isoleucine are hydrolyzed ‘ 
at a lower rate, while acetyltryptophan is nearly completely resistant. 4 
It is therefore feasible to use crude hog kidney extract for the resolution | 
of the isomers of racemic acylated methionine, glutamic acid, alanine, 1. 
leucine, and serine, whereas for the others mentioned it would be advisable 


to use a highly concentrated active fraction of the extract.? 13 
The high rate of hydrolysis by crude hog kidney extracts of acetylglycine 4 
| 


* The asymmetric enzymatic hydrolysis of benzoyl-pt-alanine by taka diastase | 16 
was reported by Neuberg and Linhardt (16). 


cine 
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and of chloroacetylglycine is interesting. Rat kidney extracts have a 
relatively small effect on these compounds (1). Indeed, the acylated 
amino acids are probably attacked by a class of enzymes which, in view 
of the fact that the acylated aromatic acids are hydrolyzed much more 
slowly than the aliphatic acids, is evidently different from the classical, 
pancreatic carboxypeptidase system. 


SUMMARY 


1. u-Alanine with [a]? in 1.0~ HCl = +14.4° and p-alanine with [a]? 
in 1.0n HC] = — 14.4° were obtained in yields of 73 and 39 per cent respec- 
tively by the asymmetric hydrolysis of acetyl-pL-alanine by an enzyme 
preparation from hog kidney. 

2. A similar procedure combined with chloroacetylation, involving 
chloroacetyl-pt-alanine, yielded chloroacetyl-t-alanine with [a]? in water 
= —45.6° (yield, 40 per cent), and chloroacetyl-p-alanine with [a]? = 
+45.4° (yield, 43 per cent). 

3. The possibility of asymmetric enzymatic hydrolysis of certain other 
acylated racemic amino acids has been demonstrated. Accordingly, the 
method may be extended to include the resolution of racemic amino acids 
other than alanine. 


The authors are indebted to Mr. Robert Koegel for the nitrogen analyses. 
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AN EFFECT OF PYRIDOXINE ON BLOOD UREA IN HUMAN 
SUBJECTS 


By W. J. McGANITY, E. W. McHENRY, H. B. VAN WYCK, 
ano G. L. WATT 


(From the Departments of Public Health Nutrition and of Obstetrics and 
Gynecology, University of Toronto, Toronto, Canada) 


(Received for publication, December 6, 1948) 


In 1942 pyridoxine was related to protein metabolism (1). Since that 
time this vitamin or a derivative thereof has been described as a component 
of transaminase (2) and of decarboxylase (3). Pyridoxine has been claimed 
to be beneficial in the treatment of a variety of diseases. An attempt to 
produce a deficiency of this vitamin in a human subject failed to give evi- 
dence of any significant change (4). Pyridoxine has been used with ap- 
parent success in the alleviation of nausea and vomiting in pregnancy and 
also of the same condition consequent to irradiation (5,6). Hesseltine (7) 
described a controlled investigation in which pyridoxine therapy was com- 
pared with placebo administration, but the comparison was based only on 
subjective evaluation of the condition of the subjects. To date there has 
been no objective evidence of an effect of pyridoxine in humans. This re- 
port deals with a significant response obtained in blood urea levels before 
and after administration of pyridoxine in cases of nausea and vomiting in 
pregnancy. 

Methods 

Three groups of human subjects were used: (1) non-pregnant females in 
apparent health who were regularly engaged in laboratory work or as hos- 
pital dieticians; the latter were on a constant protein intake for 5 days 
before blood samples were taken and throughout the period of study; (2) 
pregnant females with no apparent abnormality in the prenatal clinic of 
the Toronto General Hospital; (3) pregnant females exhibiting definite 
nausea and vomiting during the first trimester of pregnancy and who were 
classified clinically as showing hyperemesis gravidarum. All cases in this 
third group were hospitalized, and following admission they received sup- 
portive therapy consisting of intravenous administration of 5 per cent 
glucose solution until urinary ketosis ceased. Subsequently, these pa- 
tients were given a balanced adequate diet supplying 60 gm. of protein 
each day. Evening sedation to insure sleep was furnished if required. 

Urea estimations on samples of venous blood taken after a 12 hour fast 
(except as noted below) and of urine were made in duplicate by the pro- 
cedure of Archibald (8); the required color estimations were carried out in 
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a model No. 11 Coleman spectrophotometer. Urea clearances were ey. 
pressed as percentages of standard clearance, by the method of Moller 
McIntosh, and Van Slyke (9). 

In all cases identical dosage of pyridoxine was employed, consisting of 
the oral administration of 40 mg. of pyridoxine hydrochloride in each of 
3 successive days. 

In accordance with the recommendation of Hawkins, MacFarland, and 
McHenry (10), a study was made of the effect of a test load of an amino 
acid. This was done by measurement of changes in blood urea subsequent 
to the oral administration of 30 gm. of pL-alanine dissolved in 300 cc. of 
unsweetened canned grapefruit juice. This solvent had been shown to 


Tass lI 
Effect of Pyridorine on Fasting Blood Urea 


Average blood urea with standard 
No. of Geoviation “ol difler 
Groups subjects ~ ence due te 
Before idoxine Alter sine py ridouine 
administration sdministration 
me. per cont mE per 
Normal non-pregnant females 2s 21325.4 21.126.0 <1 
‘* _- pregnant primiparac, 40 2423.4 12.9 + 3.6 <1 
all trimesters 
Hyperemesis gravidarum W331 | 27 2.2 
* Calculated by 
so 
n 


where d = the average of individual differences in blood urea for n subjects, and 
&s = the standard deviation of the differences. 


cause no detectable change in blood urea in a group of control subjects. 
For convenience, alanine was given at about 7.30 p.m., following a light 
evening meal containing not more than 6 gm. of protein at about 5 p.m. 
Blood samples were taken prior to the administration of alanine and every 
2 hours during the ensuing 12 hours; this regimen provided essentially 4 
period of 12 hours without food and without disturbing the customary 
meal pattern of the subjects. 


Results 


Table I contains the mean blood urea values for the three types of 
subjects before and after administration of pyridoxine. The data show 
that fasting blood urea was less in normal pregnant than in non-pregnant 
women, an observation which has been made frequently by others, and 
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that in cases of hyperemesis gravidarum the blood urea was decreased be- 
low the value normally characteristic of pregnancy. Blood urea was in- 
creased after the administration of pyridoxine only in subjects suffering 
from nausea and vomiting, and the increase changed the previously low 
level to one typical of normal pregnancy. It should be noted that all 
subjects with nausea and vomiting showed urinary ketosis throughout the 
test period. 


Tance Il 
Observations on Fasting Blood Urea 
No of Average blood 
Groups sublects Signifcance of difference 
me per cont ‘ 
1. Normal non-pregnant females w 22.1 = 4.9 (1) ws. (2) 9.9 
pregnant, Ist tri 14.72 1.8 (2) (3) 5.9 
mester 
3. Normal pregnant, 2nd tri. 13.4 + 3.5 (3) (4) <1 
mester 
4. Normal pregnant, 3rd tri. 17 3.0 
mester 
5. Normal pregnant, 5 days post 5S 22.3 + 5.3 (4) “ (5) 9.9 
partum 
6. Hyperemesis gravidarum 17 10.3 + 3.1 (2) “ (6) 2.85 
* Calculated, 


11 
Me 
where 7, =~ average blood urea of one group of n, subjects, ?; = average blood urea 


of the other group of nz subjects, and « = average standard deviation of the two 
groups. 


In view of the differences in fasting blood urea levels between the three 
groups of subjects a further study was made with larger groups of non- 
pregnant and normal pregnant persons. Table II gives the resultant data. 
It is again clear that blood urea was decreased during pregnancy; in sev- 
eral cases the change was apparent as early as the 6th week of gestation. 
Within a few days after the birth of the infant, blood urea rose to the nor- 
mal non-pregnant level. 

In Table ILI are shown the results of a test load of pL-alanine. A series 
of observations indicated that the maximum urea value was obtained at 
the 6th hour after alanine administration and that the blood level returned 
to normal within 12 hours in non-pregnant and normal pregnant subjects. 
For this reason the presentation of data was restricted to values prior to 
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the test dose and those found at the 6th and 12th hours. Ranges of urea 
clearances are shown also; in all instances urea clearance was normal. It 
is obvious that patients with hyperemesis gravidarum responded differ. 
ently to the test load of amino acid than did normal subjects, and the re. 
sponse became normal after the administration of pyridoxine. The nor- 
mal sequence after the test load is a maximum value for blood urea at the 
(th hour and a decrease to the original level by the 12th hour; the abnor. 
mal response is a failure to decrease between the 6th and 12th hours. 


Ill 
Effect of Test Load of Alanine on Blood Urea 
Mean Mean Mean Urea 
of bloot urea bleed urea Mood urea clearance 
pects at 0 br atGthhr. at i2th he range 


me percent me percent mg percent per cont 


Normal females, non pregnant 17 23.6 30.6 23.4 70-110 

pregnaot, all trimesters 31 16.2 20.8 15.5 70-110 

“ S$dayspostpartum 15 24.0 24 24.2 oO-140 

Hyperemesis gravidarum on admis- 4 10.8 16.2 15.1 75-100 
son 

After supportive therapy for 72 hrs 8 13.8 16.6 16.9 SO-110 

a 16.2 21.4 14.8 80-110 


+ 120 mg. pyridoxine 


USSION 


The investigation of Hawkins, MacFarland, and McHenry (10) showed 
that an increase in fasting blood urea accompanies the development of 
pyridoxine insufficiency in rats and that the blood urea response to a test 
load of alanine is different from that obtained in normal rats. In dogs, 
however, an elevation in blood urea was not observed, but there was a sig- 
nificant increase in urinary urea. Hawkins and Barsky (4) observed no 
change in blood or urinary urea in a human subject maintained on a low 
pyridoxine diet for some weeks; the lack of any significant alteration might 
indicate that a state of pyridoxine insufficiency was not obtained. 

In the present study the administration of pyridoxine appeared to have 
a significant effect upon fasting urea levels in the blood of patients show- 
ing marked nausea and vomiting in the first trimester of pregnancy, but 
not in that of non-pregnant or normal pregnant women. There are at 
least two possible explanations of the observed effect. Regardless of the 
administration of pyridoxine, hospitalization and supportive therapy of 
the subjects with hyperemesis gravidarum may have made possible a bet- 
ter retention of ingested food with a consequent increased intake of pro- 
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tein and a resultant rise in blood urea; the supposed effect of pyridoxine 
might have been a coincidence. An obvious alternative explanation is 
that pyridoxine produced the observed alteration. The results obtained 
with a test load of an amino acid do not support the first explanation and 
definitely conform to the second. 

The results reported above may be interpreted as presumptive evidence 
that in the cases of nausea and vomiting pyridoxine insufficiency was ex- 
hibited which was ameliorated by a supply of the vitamin. While the low 
level of fasting blood urea was opposite to the condition found in pyri- 
doxine-deficient rats (10), the response to a test load of alanine was entirely 
similar. It might be assumed that the failure of pyridoxine to produce 
any effect in non-pregnant and normal pregnant subjects was due to the 
absence of a deficiency of the vitamin. We believe that the data may be 
most easily explained by the assumption that a pyridoxine insufficiency 
was present in the cases of hyperemesis gravidarum and that the results 
supply the first objective evidence of any effect of pyridoxine in humans. 
Recently Hobson (11) has observed, on the basis of an examination of food 
intakes, that pregnant women showing toxemia are possibly deficient in 
pyridoxine and niacin. 

The employment of a test load of an amino acid was useful to detect a 
change in nitrogen metabolism, and the application of this procedure to 
other types of abnormalities would seem advantageous. Preliminary ob- 
servations in cases of hepatitis strengthen this view. 

It is useful to consider the results obtained recently on the protective 
action of pyridoxine against untoward effects resulting from deep x-ray 
treatment. An investigation on mice by Goldfeder et al. (12) showed that 
pyridoxine had a significant protective value. Two clinical reports (13, 
14) have indicated that pyridoxine may have a similar effect in the reduc- 
tion of nausea after irradiation to that which has been claimed in the nau- 
sea and vomiting of pregnancy. The question of whether irradiation 
induces a state of pyridoxine insufficiency is under investigation in our 
laboratory. 


SUMMARY 


In confirmation of the work of others, fasting blood urea was signifi- 
cantly less in normal pregnant than in non-pregnant subjects. The urea 
level was definitely lower in cases of hyperemesis gravidarum than in nor- 
mal pregnancy, but was restored to a typical normal value after the ad- 
ministration of pyridoxine. Changes in blood urea after a test load of 
alanine were similar in normal pregnancy to those observed in non-preg- 
nant persons, whereas subjects with hyperemesis gravidarum showed an 
abnormal response which was corrected after pyridoxine was given. 
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Thanks are expressed to the International Health Division of the Rocke- 


feller Foundation for a grant to the Department of Public Health Nutri- 
tion which facilitated this investigation. 
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A METHOD FOR THE MICROBIOLOGICAL ASSAY OF 
VITAMIN By 


Sirs: 


It has been demonstrated that Lactobacillus lactis Dorner (ATCC 8000) 
must be cultivated with special precautions to prevent disassociation when 
used in the microbiological assay of vitamin By.' Lactobacillus leichmannii 
has been found to require nutrients similar to those needed by Lactobacillus 
lactis Dorner and to exhibit little tendency to disassociate? The use of a 
stable test organism in the microbiological assay of vitamin By would be of 
distinct advantage. 

The method herein outlined employs Lactobacillus leichmannii (ATCC 
4797) as the test organism. The medium for the assay is a dehydrated 


product prepared by the Difco Laboratories, Inc., Detroit, Michigan, 


through the courtesy of Dr. C. W. Christensen. 

The standard (purified vitamin By» from Merck and Company, Inc.) 
and test materials are diluted to a concentration of 0.02 y per ml. in dis- 
tilled water. The test organism responds most satisfactorily within the 
range of 0.01 to 0.10 y per tube levels. Duplicate or triplicate tubes on 
each level give growth response in good agreement turbidimetrically. 
Tubes containing only distilled water and the basal medium produce no 
growth in the absence of vitamin By. The results of the assay are evalu- 
ated turbidimetrically after 18 hours growth at 37°. 

Inoculum for the test is prepared by washing four or five times in sterile 
saline the cells produced from a 24 hour growth of Lactobacillus leichmannii 
in Difeo micro inoculum broth. Stab cultures are maintained on Difco 
stock culture agar for microbiological assays. 

Additional work is in progress to determine the relative merits of this 
method in the assay of natural materials containing minute amounts 


' Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K., 
Science, 107, 396 (1948). Shorb, M. 8., Science, 107, 396 (1948). Shorb, M. S., and 
Briggs, G. M., J. Biol. Chem., 176, 1463 (1948). 

* Hoffmann, C. E., Stokstad, E. L. R., Franklin, A. L., and Jukes, T. H., J. Biol. 
Chem., 176, 1465 (1948). Skeggs, H. R., Huff, J. W., Wright, L. D., and Bosshardt, 
D. K., J. Biol. Chem., 176, 1459 (1948). Snell, E. E., Kitay, E., and MeNutt, W.8, 
J. Biol. Chem., 175, 474 (1948). 
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Basal Medium (Double Strength)* 


cm. me. 
Bacto-vitamin-free casamino | 12 Calcium-d-pantothenate 0.2 | 
acids 
Dextrose 40 Folic acid 0.1 
Sodium acetate 20 Biotin 0.0) 
L-Cystine, Difco 0.2 p-Aminobenzoic acid 0.2 t 
pL-Tryptophan | 0.2 Tween 80 200) rid 
Adenine 0.02 Dipotassium phosphate l 
Guanine 0.02 | Monopotassium phosphate l 
Uracil 0.02 | Magnesium sulfate 0.4 ‘ 
Xanthine | l Sodium chloride 0.02 
Thiamine hydrochloride | Ferrous sulfate 0.02 
Riboflavin | 2 | Manganese sulfate 0.02 
Niacin Distilled water to make 1000 
Pyridoxine hydrochloride 4 
The medium is adjusted to pH 6.8 before use. 
* Wright, L. D., Skeggs, H. R., and Huff, J. W., J. Biol. Chem., 175, 475 (1948). ( 
Guirard, B. M., Snell, E. E., and Williams, R. J., Arch. Biochem., 9, 361 (1946). 


Ott, W. H., Rickes, E. L., and Wood, T. R., J. Biol. Chem., 174, 1047 (1948). Shive, 
W., Eakin, R. E., Harding, W. M., Ravel, J. M., and Sutherland, J. E., J. Am. 
Chem. Soc., 70, 2299 (1948). Shive, W., Ravel, J. M., and Eakin, R. E., J. Am. Chem. 
Soc., 70, 2614 (1948). 


it 
of vitamin By compared with a similar assay in which Lactobacillus lactis | ¢ 
Dorner is the test organism. R 
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THE CONVERSION OF GLYCINE INTO SERINE IN THE 
INTACT RAT* 


Sirs: 
In an earlier communication! we have presented evidence indicating 


that glycine is converted into serine via condensation with formate or a 
formate derivative (Scheme I). 


CH ,NH,COOH + HCOOH — CH,OHCHNH,COOH (1) 


In the present investigation we have studied the physiological formation 
of this “formate.”” One possible mechanism is that glycine itself, by 


The administered glycine contained 1.06 X 10* counts per minute per mg. of C 
in the a-carbon. 


COOoH* 
Serine... 0 390 319 


* Counts per minute per mg. of carbon. 


deamination? and subsequent decarboxylation, gives rise to “formate”’ 
(Scheme II). 


CH,NH,COCH — CHOCOOH — “HCOOH” + CO, (IT) 


We have investigated this pathway by degrading liver serine isolated 
after the administration of glycine labeled with C™ in the methyl posi- 
tion. According to the proposed scheme the a- and 8-carbon atoms of 
serine are both derived from the methyl carbon of glycine and should con- 
tain the isotope. 

Four fasted rats weighing a total of 427 gm. were given 5 ma of glycine 
by stomach tube per 100 gm. After 14 hours the animals were sacri- 
ficed. Serine was isolated from the livers and degraded as previously 
described.! 

The results of the carbon analyses, shown in the table, are in accord 
with Schemes I and II. The serine contained C™ in both the a- and 
8-carbon atoms with almost as much activity in the 8 as in the a@ position. 


* Aided by a grant from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council, and by support of the Elisa- 
beth Severance Prentiss Foundation. 

'Sakami, W., J. Biol. Chem., 176, 995 (1948). 

? Ratner, 8., Nocito, V., and Green, D. E., J. Biol. Chem., 162, 119 (1944). 
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This experiment indicates that under certain conditions glycine itself 
is a major source of the formate or formate derivative for its conversion 
to serine. 

The data of Winnick ef a/2 are in agreement with this hypothesis. 
Their serine isolated from liver homogenate equilibrated with C'-methyl. 
labeled giycine contained a small amount of isotope in the 8-carbon. 

The author wishes to express his thanks to Dr. H. G. Wood for his 
interest in this investigation. 


Department of Biochemistry WARWICK Sakamr 
School of Medicine 
Western Reserve University 
Cleveland 
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* Winnick, T., Moring-Claesson, I., and Greenberg, D. M., J. Biol. Chem., 1%. 
127 (1948). 
‘With the technical assistance of Jean Lafaye. 
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THE EFFECT OF METHYLENE BLUE IN PREVENTING 
ALLOXAN DIABETES AND IN LOWERING THE 
BLOOD SUGAR OF ALLOXAN-DIABETIC RATS* 

Sirs: 

A number of compounds have been found to prevent the diabetic action 
of alloxan when administered immediately before the alloxan.' 

The writers have observed that the oxidation-reduction dye, methyl- 
ene blue, not only is protective against the diabetogenic action of alloxan 
when given before the alloxan, but also exerts a marked blood sugar- 
lowering effect when administered to rats previously made diabetic with 
alloxan. This paper records the blood sugar-lowering effect on twenty- 
two animals. Experiments to be published in more detail later will con- 
firm the validity of this preliminary report. 

The following experiments illustrate the effect of methylene blue (MB) 
in preventing alloxan diabetes. 

Five non-fasted rats (240 to 267 gm.) were given 1 cc. of 1 per cent 
MB? 30 minutes prior to the injection of 150 mg. of alloxan per kilo of 
body weight. 24 hours later the blood sugar levels ranged from 28 to 
124 mg. per cent (average 59 mg. per cent). Four non-fasted controls 
treated similarly but without MB showed 24 hour blood sugars of 113 
to 299 mg. per cent (average 200 mg. per cent). 

When six rats (189 to 310 gm.) were fasted for 48 hours and then treated 
with MB and alloxan as above, the blood sugars after 48 hours ranged 
from 0.0 to 90 mg. per cent (average 60 mg. per cent). Five 48 hour- 
fasted controls (187 to 232 gm.) treated with alloxan but not with MB 
showed 48 hour blood sugars ranging from 119 to 650 mg. per cent (average 
397 mg. per cent). 

The effect of MB in lowering the blood sugar of alloxan-diabetic rats 
is shown in the table. The dye was injected into non-fasting rats, in 
some cases 2 days and in others 1 to 3 months after alloxan injection. 

In our experience MB in the dosage used does not alter the blood sugar 
of normal animals but causes definite hypoglycemia in rats recently 
made diabetic with alloxan. 


* Aided by a grant from the Diabetic Research Foundation of Portland, Oregon. 

' Banerjee, L., Science, 106, 128 (1947). Lazarow, A., Proc. Soc. Exp. Biol. and 
Med., 61, 441 (1946). Weinglass, A. R., Frame, E. G., and Williams, R. H., Proc. 
Soc. Exp. Biol. and Med., 68, 216 (1945). Chesler, A., and Tislowitz, R., Science, 
106, 345 (1947). 

* Aqueous solutions of methylene blue and alloxan monohydrate (freshly pre- 
pared) were injected intraperitoneally. Animals were given nembutal prior to 
injection or blood sampling. 
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Effect of Methylene Blue* in Lowering Blood Sugar of Non-Fasting Allozan-Diabetic 


oeonoue WW 


* The dose of methylene blue was 1 cc. of 1 per cent solution in all experiments 


| 


Rats 


Blood sugar, mg. per cent 


Days after methylene blue 

45 61 73 
147 51 
| 73 | 

| 4 
130 | 

| 203 | | 

| $27 | | 379 | 

| | | | 

170 


24 ” $1 
119 
102 102 
424 277 
339 345 

119 


and was given immediately after withdrawal of blood used to determine the effect of 


alloxan injection 2 days previously. 
t Chronically diabetic rats; diabetes of 1 to 3 months duration. 


Studies relating to the mechanisms of the protective and blood sugar- 
lowering effects of methylene blue in alloxan diabetes, and of the possible 
effect of methylene blue in pancreatic diabetes, are in progress. 


Department of Biochemistry 
University of Oregon Medical School 
Portland 
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Animal No. 
2 days after — 
alloxan 
295 
243 
350 
457 
664 
689 
407t 
S28t 
3821 102 
| 301T 102 
11 4921 277 
| 
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SEPARATION OF THE GROWTH FACTORS FOR LEUCONOSTOC 
CITROVORUM AND LACTOBACILLUS LEICHMANNII 
BY MEANS OF ELECTROLYSIS 


Sirs: 


The activity of a crystalline preparation of the antipernicious anemia 
factor for Lactobacillus leichmannii 313 has been reported by Hoffmann 
and coworkers.' Skeggs et al.? used Lactobacillus leichmannii 4797 as an 
assay organism in their studies on the isolation of the animal protein 
factor. ‘The growth factor for Leuconostoc citrovorum 8081 has been studied 
by Sauberlich and Baumann,’ who found that liver extracts prepared 


_ Titration values for bacterial growth factor tests,* 0.1 nN NaOH 
Electrolysis cell |§ Final pH of cell 
No. content Leuconostoc Lactobacillus | Lactobacillus 


citrovorum 8081 deichmannis 4797) leschmannii 313 
i 5.4 0.23 4.62 4.25 
2 3.6 0.26 2.66 2.26 
3 | 3.4 0.34 0.82 0.62 
4 3.3 0.67 0.67 0.54 
5 3.2 2.63 0.60 0.62 
63 3.0 4.39 0.78 0.56 
Blank 0.24 0.62 0.57 


*5 ml. aliquots from 10 ml. cultures, 72 hour growth periods. 
t Negative electrode in this cell. 
t Positive electrode in this cell. 


for the treatment of pernicious anemia were also concentrated sources of 
the growth factor for this organism. 

During a comparative study of the factors for these three organisms 
by the present authors, the citrovorum factor was separated from the 
other factors by electrolysis of a liver extract concentrate (reticulogen) 
in a specially designed six cell apparatus. In 0.02 m acetic acid the activ- 
ity for both of the leichmannii strains migrated toward the negative 
electrode, while the activity for Leuconostoc citrovorum migrated toward 
the positive electrode as indicated in the table. 


' Hoffmann, C. E., Stokstad, E. L. R., Franklin, A. L., and Jukes, T. H., J. Biol. 
Chem., 176, 1465 (1948). 

* Skeggs, H. R., Huff, J. W., Wright, L. D., and Bosshardt, D. K., J. Biol. Chem., 
176, 1459 (1948). 

*Sauberlich, H. E., and Baumann, ©. A., J. Biol. Chem., 176, 165 (1948). 
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At the start of the experiment, 0.5 ml. of reticulogen in 0.02 acetic 
acid was placed in Cell 4. The rest of the apparatus (total volume 280 ml.) 
was filled with 0.02 m acetic acid. After the electrolysis, one 125th part 
of the contents of each cell was used in the tests with Leuconostoc citrovorum 
and one 6250th part from each cell was used in the tests with both Leich- 
mannii strains. Part of the activity for Leuconostoc citrovorum was 
lost during the electrolysis, presumably by oxidation at the positive elec- 
trode. 

These results indicate that the citrovorum and leichmannii factors are 
not identical, that the lerchmanni factor contains a basic group, and 
that the cifrovorum factor contains a fairly strong acidic group. When 
electrolyzed in 0.05 mw NH,OH, the activity for all three organisms mi- 
grated toward the positive electrode, indicating the presence of a weaker 
acidic group in the leichmanni factor. 


Department of Biochemistry and N utri- Cart N. Lymas 
tion J. M. Prescott 
Texas Agricultural Experiment Sta- 
tion of the Tezas Agricultural and 
Mechanical College System 
College Station 
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DIFFERENCE IN GROWTH-PROMOTING EFFECT OF 
DESOXY RIBOSIDES AND VITAMIN By ON THREE 
STRAINS OF LACTIC ACID BACTERIA* 


Sirs: 


Snell ef al.' recently showed that thymidine is a growth factor for some 
lactic acid bacteria. Shive ef al.2 and Wright e¢/ al.* found that for L. lactis 


Growth-Promoting Effect of Desoryribosides and Vitamin By, Concentrates 


Galvanometer reading* 


Addition per 10 ml. medium* 


Thm. rucurt 13, Tim a siophalus 


20 brs., 37 40 hrs., 37° R26, 20 hrs., 37° 
0, inoculated SS 96 G4 
5 y thymidine} 42 57 25 
5 guanine desoxyriboside$ 4s 5S 97 
50 thymine... 92 
0.5 wl. liver concentrate | 33 4s G4 
0.1 mugm. By, concentrate® 31 62 Ot 
1 folie acid S3 93 
25 mg. tryptic casein digest a 95 O05 


*A previously described medium‘ which contains all of the known nutritional 
essentials for lactic acid bacteria was used in the following modification: Difco- 
yeast extract was omitted; 100 mg. of lactose and 1 mg. of sodium pyruvate were 
added per 10 ml. The tryptic casein digest was replaced by 50 mg. of acid- 
hydrolyzed casein and 5 mg. of tryptic casein digest per 10 ml. 

t Per cent incident light transmitted. 

} We are indebted to Dr. W. Shive and Dr. R. Hotchkiss for samples of thymi- 
dine. 

§ Prepared by Dr. M. Friedkin (cf. Friedkin, M., Kalckar, Il. M., and Iloff- 
Jérgensen, E., J. Biol. Chem., 178, 527 (1949). 

||} A commercial antipernicious liver extract from the Danish firm Gea 1 ml. 
~ gm. of liver. 100 ml. contain about 15 mg. of dry matter. 

© We are indebted to Dr. T. H. Jukes, Lederle Laboratories Division, American 
Cyanamid Company, for a sample of this concentrate. 


Dorner thymidine is able to replace the requirement for a liver concen- 
trate (vitamin By). 


* This work has been supported by a grant from the Rockefeller Foundation. 

‘Snell, E. E., Kitay, E., and MeNutt, W. 38., J. Biol. Chem., 175, 473 (1948). 

*Shive, W., Eakin, R. E., Harding, W. M., Ravel, J. M., and Sutherland, J. E., 
J. Am. Chem. Soc., 70, 2299 (1948). 

* Wright, L. D., Skeggs, H. R., and Huff, J. W., J. Biol. Chem., 176, 475 (1948). 
 *Hoff-J¢rgensen, E., Williams, W. L., and Snell, E. E., J. Biol. Chem., 168, 773 
(1947). 
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In the course of a survey of the nutritional requirements of certain 
lactic acid bacteria of the genus Thermobacterium' a strain, Tom. acidophilus 
26, was encountered whose requirement for thymidine could not be 
replaced by either a By concentrate or a commercial liver preparation. 
lor another strain, Tbm. lactis 1, the effect of thymidine or vitamin B,, 
may be replaced by charcoal-treated tryptic casein digest (see the table). 
The third strain, Tbm. juhurt 13, grows on either thymidine or vitamin 
By, but tryptic casein digest is without any effect. 

Guanine desoxyriboside has the same effect on all three strains as thy- 
midine. 

Institute of Biochemistry 


University of Copenhagen 
Copenhagen, Denmark 


Received for publication, February 4, 1949 


* We are indebted to Professor 8. Orla Jensen and to Mrs. Snog-Kjaer for cultures 
of these organisms from the Orla-Jensen collection. 
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ENZYMATIC SYNTHESIS OF DESOXYRIBOSE NUCLEOSIDE 
WITH DESOXYRIBOSE PHOSPHATE ESTER* 


Murs: 


Recent observations' indicate that desoxyribose nucleosides can be split 
by an enzymatic phosphorolysis analogous to that described for ribonu- 


The Warburg vessel contained guanine desoxyriboside (0.0123 m);* alanylglycine, 
pH 8.55 (0.082 mw); Na HPO, (0.143 mw); 12 mg. of nucleoside phosphorylase ; 2.1 mg. 
of xanthine oxidase; and 0.25 mg. of catalase in a total volume of 2.44 ml. _ Incu- 
bated in air at 13° for 27 hours, oxygen uptake, 15.5 4m. DRP (see the text) was 
then incubated with hypoxanthine, as indicated below. 


Desoxyriboside synthesized 
Experimental conditions 
Differential spectro- Microbiological 
‘photometric analysis assay 
put 
Complete system contained 0.12 Complete system | 0.067 0.087 
gm hypoxanthine; DRP, 1 ow DRP not added 0 0.008 


labile P: alanylglycine, pH during incuba- 
$8.55 (0.05 m); and 0.5 mg. nu- tion but after 
cleoside phosphorylase in total inactivation of 
volume of 12 ml. Incubated enzyme 

at 30° for 30 min 


*The values in parentheses refer to the final concentration in the complete 
mixture 
t Expressed as micromoles of thymidine which evoke an equal growth response. 


cleosides.? We wish to report the isolation of the primary phosphoroly- 
sis product, an extremely acid-labile desoxyribose phosphate ester (DRP) 
which can react with hypoxanthine to form hypoxanthine desoxyriboside. 

Guanine desoxyriboside, prepared in crystalline form from thymus 
nucleic acid, was incubated with liver nucleoside phosphorylase’ as indi- 
cated in the table. The free guanine was oxidized to uric acid in the 
presence of xanthine oxidase. After removal of the uric acid by centri- 
fugation, the incubation mixture was extracted with n-butanol and di- 
ethyl ether to denature the protein, and then freed of residual purines by 


* This work has been supported by grants from the Donner Foundation, Inc., 
the Lederle Laboratories Division, American Cyanamid Company, the Rockefeller 
Foundation, and the Carlsberg Foundation. 

‘Manson, L. A., and Lampen, J. O., Abstracts, American Chemical Society, 
September (1948). Wajzer, J., Arch. ac. physiol., 1, 48 (1948). 

* Kalekar, H. M., J. Biol. Chem., 167, 477 (1947). 
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treatment with norit. The clear filtrate, after removal of inorganic 
phosphate as MgNH,PO,, was evaporated to a small volume and used 
for experiments in synthesis, as shown in the table. 

The phosphate ester thus obtained releases both inorganic phosphate 
and desoxyribose upon very mild hydrolysis (50 per cent splitting in 12 
minutes at 25° in pH 4 acetate buffer). Labile phosphate is determined 
as MgNH,PO,, since the high instability of DRP at pH 4 excludes the 
use of the Lowry-Lopez method.’ A yield of 18 am of DRP (expressed as 
labile P) was obtained from 30 um of guanine desoxyriboside. 

The ester is most specifically characterized by its ability in the presence 
of liver nucleoside phosphorylase to exchange its phosphate for hypo- 
xanthine. The formation of hypoxanthine desoxyriboside was demon- 
strated by differential enzymatic spectrophotometry’® and further sub. 
stantiated by the ability of the enzymatically produced desoxyriboside to 
replace thymidine as a growth factor for Thermobacterium acidophilus R26. 
On a molar basis the stimulatory effect of the synthesized desoxyriboside 
was approximately equal to that of thymidine or guanine desoxyriboside. 


Institutes of Medical Physiology (En- Morais 
zyme Research Division) and Bio- M. Katcuas 
chemistry E. Horr Joncensex 

Unwersity of Copenhagen 
Copenhagen, Denmark 
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* Lowry, O. H., and Lopez, J. A., J. Biol. Chem., 162, 421 (1946). 
* Hoff Jgrgensen, E., J. Biol. Chem., 176, 525 (1949). 
* National Institute of Health Fellow. 


THE UTILIZATION OF THE a-CARBON ATOM OF GLYCINE 
FOR THE FORMATION OF ACETIC AND 
ASPARTIC ACIDS* 


We have been able to demonstrate that in the rat acetic and aspartic 
acids can be formed from glycine. Glycine labeled with C" in the methyl- 
ene group was fed to a 250 gm. rat at a level of 80 mg. per day together 
with 250 mg. of l-e-amino-y-phenylbutyric acid for 3 days. The excreted 
acetyl-l-aminophenylbutyric acid, isolated from the urine, was hydrolyzed 
and the resulting acetic acid obtained as the silver salt. The silver acetate 


Compound Activity® 
Glycine fed | 1,370,000 
Dixanthydryl urea (respiratory CO,) 2,600 
Silver acetate from acetylaminophenylbutyric acid 4, 
BaCO, from carboxy! carbon of acetic acid 4, 3007 
Acetic acid (a-carbon) 4,100} 
Aspartic acid 1,300 
BaCO, from carboxyls of aspartic acid 7uot 
Aspartic acid (@- and 3-carbon atoms) 1, 800% 


* Counts per minute per standard dish (2.41 sq. em.) of an “infinitely thick" 
sample of carbon. 

Corrected for back scattering. 

$ Value calculated from the data. 


was degraded with bromine in carbon tetrachloride’ and the resulting CO, 
precipitated as BaCO,. Aspartic acid was isolated from the proteins of 
the internal organs and decarboxylated by ninhydrin. Urinary urea was 
isolated as the dixanthydryl derivative. The urea carbon is a repre- 
sentative sample of the respiratory CO,.2 The results are summarized 
in the table. 

The data demonstrate that both carbon atoms of the acetic acid were 
derived from the a-carbon atom of glycine. The activity of the a- and 
8-carbon atoms of the aspartic acid is 2.5 times that of its carboxyl groups. 
The latter could derive their activity from the respiratory CO,. This 
distribution of C™ in the aspartic acid is consistent with the view that 
oxalacetic acid is the source of a,8-labeled pyruvic acid, which could 
acetylate aminophenylbutyric acid either directly or following conversion 

*This work was supported by a grant from the American Cancer Society, recom. 
mended by the Committee on Growth of the National Research Council. 


' Hunediecker, H., and Hunsdiecker, C., Ber. chem. Gea., 76, 291 (1942). 
* Mackenzie, C. G., and du Vigneaud, V., J. Biol. Chem., 172, 353 (1948). 
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to acetic acid.? That the a- and 8-carbon atoms of aspartic acid should 
be less active than those of acetic acid is to be expected, since not all of 
the aspartic acid of the tissue proteins has been regenerated in the 3 day 
period. 

A hypothetical mechanism for these reactions can be deduced from the 
well known condensation of derivatives of glycine with carbony! com- 
pounds. It is possible that glyoxylic acid, derived from glycine by deam- 
ination,’ condenses with glycine to form a 4-carbon compound’ labeled 
in the a and 8 positions, which is in equilibrium with aspartic acid. 

An alternative mechanism is the degradation of the glycine to labeled 
formic acid and condensation of the latter with glycine to a,3-labeled 
serine.£ Pyruvic acid derived from serine’ would then be the precursor 
of the acetic and oxalacetic acids. Further investigations are required 
in order to decide this question. 


Department of Biochemistry Daviv B. Srrinsox 
College of Physicians and Surgeons 
Columbia University 
New York 


Received for publication, February 7, 1949 
* Bloch, K., and Rittenberg, D., J. Biol. Chem., 159, 45 (1945). 
* Ratner, S., Nocito, V., and Green, D. E., J. Biol. Chem., 162, 119 (1944). 
* Barker, H. A., Volcani, B. E., and Cardon, B. P., J. Biol. Chem., 173, 803 (1948). 
* Sakami, W., J. Biol. Chem., 176, 995 (1948). 
? Chargaff, E., and Sprinson, D. B., J. Biol. Chem., 148, 249 (1943) ; 161, 273 (1943). 
Binkley, F., J. Biol. Chem., 160, 261 (1943). 
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EVIDENCE OF THE EXISTENCE OF A CORE IN 
DESOXYRIBONUCLEIC ACIDS 


The action of crvstalline desoxyribonuclease' (supplied by the Worth- 
ington Biochemical Laboratory, Freehold, New Jersey ) on the desoxy- 
ribonucleic acids of calf thymus and of yveast® leads to the production of 


sate | residue sate 
Digestion, Ars. 6 2% 72 ole! 
Dialysis, Ars. 0 6 72 158 0 6 24 
Distribution of fractions, % of 100 53 7 1.4 100 58 5 
original 
Composition of postions molar proportions : 
Adenine 12 12 1.6 1.7 1.6 
Guanine | 
13 1.2) 2.2 
Cyt« sine 
16 12 3.8 
Cytosine 
12 1.0 2.0 
Pyrimidines | 


dialyzable fragments, without liberation of NH, or inorganic P. But 
even after prolonged digestion a non-diffusible core remains. 

Both the dialyzable portion (6 hours digestion) and the core remaining 
after additional digestion and dialysis were analyzed’ for purines and 
pyrimidines. Whereas the composition of the former did not differ 
appreciably from that of the original highly polymerized nucleic acids* 5 
(except a change in the adenine to cytosine ratio), the core studied in the 
case of the thymus nucleic acid exhibited a significant divergence. The 


' Kunitz, M., Science, 108, 19 (1948). 

*Chargaff, E., and Zamenhof, 8., J. Biol. Chem., 173, 327 (1948). 

* Vischer, E., and Chargaff, E., J. Biol. Chem., 176, 703, 715 (1948). 

* Chargaff, E., Viecher, E., Doniger, R., Green, C., and Misani, F., /. Biol. Chem.., 
177, 405 (1949). 

*Vischer, E., Zamenhof, S., and Chargaff, F., J. Biol. Chem., 1T7, 429 (1949). 


531 


lay 
Sirs: 
the 
‘led 
‘led Calf 
Calf thymus, Experi thymus, 

‘led menti Papert Yeast 

ment 2 
sor 
red Or Dialy | Dialy 
4% 

|_| 


532 LETTERS TO THE EDITORS 


data provided in the accompanying table indicate a considerable increage 
in the molar proportions of adenine to guanine and especially to cytosine, 
of thymine to cytosine, and of purines to pyrimidines. Thus, the dis 
symmetry in the distribution of constituents, found in the original nucleie 
acid,‘ is intensified in the core. 

Apart from less probable explanations, these findings could be inter. 
preted as indicating either the presence in the nucleic acid sample of a 
small quantity of a second desoxypentose nucleic acid of different purine 
and pyrimidine composition or the existence in the desoxvribonucleie 
acid chain of nucleotide clusters (in the case studied, relatively richer in 
adenine and thymine) distinguished from the bulk of the molecule by 
greater resistance to enzymatic disintegration. 

This work was aided by a research grant from the United States Public 
Health Service. 


Department of Biochemistry STeruen ZAMENHOP 
College of Physicians and Surgeons 
Columbia University 
New York 
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RELEASE OF FREE AND BOUND FORMS OF BIOTIN FROM 
PROTEINS* 


By JOHN P. BOWDEN anv W. H. PETERSON 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 


(Received for publication, September 30, 1948) 


The existence of biotin in tissues in a strongly bound form was early re- 
ported by Snell, Eakin, and Williams (1). These workers found that autol- 
ysis increased the amount of biotin that could be extracted from liver. 
Other workers including Cheldelin et al. (2), Thompson, Eakin, and Wil- 
liams (3), and Lampen, Bahler, and Peterson (4) found that acid or enzy- 
matic hydrolysis gave maximum yields of biotin from a variety of natural 
materials. In 1944 Wright and Skeggs (5) reported that biotin values ob- 
tained with the Lactobacillus casei method of Landy and Dicken (6) were 
higher than those obtained with Lactobacillus arabinosus. When the sub- 
stances were hydrolyzed further with acid, the biotin content as determined 
with Lactobacillus arabinosus increased to the values previously obtained 
with Lactobacillus casei. These data suggest that certain combined forms 
of biotin are available to Lactobacillus casei but not to Lactobacillus 
arabinosus. 

The present investigation was undertaken to obtain information regard- 
ing the release of biotin from proteins by acids and enzymes and to deter- 
mine how much of this soluble biotin was free and how much of it was 
combined. It was hoped that the data thus obtained would throw some 
light on the type of linkage binding biotin to protein. 


EXPERIMENTAL 
Free and Bound Biotin in Protein Hydrolysates 


Three microbiological assays were used for the determination of soluble 
biotin: the Lactobacillus casei method of Shull, Hutchings, and Peterson 
(7), the Lactobacillus arabinosus method of Wright and Skeggs (5), and the 
Saccharomyces cerevisiae assay of Hertz (8). Several 1 gm. samples (dry 
basis) of fresh untreated beef liver, commercial casein, and fibrin were hy- 


* Published with the approval of the Director of the Wisconsin Agricultural Ex 
periment Station. The authors are indebted to Professor M. A. Stahmann for pro- 
viding the crystalline enzymes used in some of the experiments and to Mr. Richard 
R. Adachi for performing most of the microbiological assays. Presented in part at 
the meeting of the American Chemical Society, Chicago, April 19-23, 1948. Sup- 
ported in part by a grant from the Nutrition Foundation, Inc. 
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drolyzed, each with 10 ml. of sulfuric acid varying in normality from 2 to 
18, at 120° and assayed for biotin by all three methods. The values for 
each of the samples as well as for a 1 y sample of synthetic biotin are pre- 
sented in Table I. The values obtained with Lactobacillus arabinosus were 
generally lower than those obtained with Lactobacillus casei or Saccharo- 
myces cerevisiae. Even when the concentration of the acid was increased 
to 18 Nn, no better agreement among the assays was reached. The 18 x 
sulfuric acid was sufficient, however, to destroy about three-fourths of the 
synthetic biotin tested as a control. 

The difference in response of the three microorganisms may be due to 
the liberation of some complex during hydrolysis which had biotin activity 


TaBLe I 
Biotin Activity of Acid-Hydrolyzed Liver, Fibrin, Casein, and Synthetic Biotin* 


| H:SO, Biotin activity per gm. (dry basis) 

mugm. mygm 
4 3270 2490 3740 
2 265 135 307 
- 9 360 250 328 
| 2 52 15 45 
we 4 108 25 65 
Synthetic biotin (1 y)...... 4 S815 932 975 
18 175 238 225 


* Hydrolysis, 2 hours at 120°. 


for Lactobacillus caset and Saccharomyces cerevisiae but not for Lactobacillus 
arabinosus. A second explanation might be the partial destruction of the 
biotin molecule during acid hydrolysis, rendering it unavailable to Lacto- 
bacillus arabinosus but without causing it to lose activity for the other two 
organisms. A third explanation is that Lactobacillus casei and Saccha- 
romyces cerevisiae were responding to some compound other than biotin. 
A Craig type extraction procedure was employed for separation of the 
two kinds of active compounds. The apparatus consisted of ten separa- 
tory funnels mounted in a series on a vertical rod resting on a spring base 
so that the rod and funnels could be bounced up and down to bring about 
mixing of the liquids contained in the separatory funnels. The solvents 
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used in the extraction were n-butanol and water, with water as the mov- 
ing phase. 10 ml. aliquots of each solvent previously saturated with the 


- other were used throughout the extraction, which was carried out at 25° 
and pH 1. After the extraction the biotin content of the water layer of 
' each cell was determined. Fig. 1, Curve 1, shows the distribution of syn- 


thetic biotin after such an extraction. The maximum biotin concentra- 
tion appeared at Cells (funnels) 2 and 3. Curves 2 and 3 (Fig. 1) give the 


' distribution of biotin-active compounds in 1 gm. of liver (dry) which had 


been hydrolyzed for | hour at 100° with 10 ml. of 4.N sulfuric acid. When 


M ¥ BIOTIN 


i i i & i i i 
CELL NUMBER 


Fic. 1. Separation of the forms of biotin in acid-hydrolyzed liver by Craig 
extraction. Curve 1, distribution of synthetic biotin; Curve 2, biotin activity of 
acid-hydrolyzed liver by Lactobacillus casei assay; Curve 3, biotin activity of liver 
hydrolysate by Lactobacillus arabinosus assay; Curve 4, biotin activity of liver hy- 
drolysate after second hydrolysis by Lactobacillus casei assay; Curve 5, same sample 
as in Curve 4, by Lactobacillus arabinosus assay. 


the samples from each of the cells after extraction were assayed with Lac- 
tobacillus casei, the existence of at least two biotin-active components was 
indicated. One component appeared in maximum concentration at Cells 
2 and 3, corresponding to the maximum obtained with synthetic biotin. 
The other appeared in highest concentrations in Cells 8 and 9. When Lac- 
tobacillus arabinosus was used to assay the samples, only one maximum 
appeared, that at Cells 2 and 3. When samples taken from each of the 
cells were hydrolyzed further with 4 N sulfuric acid for 1 hour at 120° and 
reassayed, two maxima were observed with each organism (Curves 4 and 
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5, Fig. 1). From the data it appears that the component possessing bio- 
tin activity for Lactobacillus casei but not for Lactobacillus arabinosus may 
have been a bound form of biotin unavailable to Lactobacillus arahinosus 
until hydrolyzed further. 

Because the biotin which was active for Lactobacillus arabinosus was 
similar to synthetic biotin in solubility as measured by the counter-cur- 
rent extraction, it was decided to call this free biotin, although it was real. 
ized that there was not sufficient evidence for assuming that this biotin 
was unattached molecular biotin. The soluble biotin available to Lacto- 
bacillus casei but not to Lactobacillus arabinosus was called bound biotin. 
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Fic. 2. Release of nitrogen and biotin by acid hydrolysis of liver. Curve 1, total 
soluble nitrogen; Curve 2, soluble free amino nitrogen; Curve 3, free biotin; Curve 
4, ammonia nitrogen. Nitrogen content of liver 11.0 per cent, biotin content of liver 
3.65 y per gm., dry weight. 


Release of Forms of Nitrogen and Brotin by Acid and Enzymatic Hydrolysis 


10 gm. samples of fresh untreated liver, commercial casein, and fibrin 
were hydrolyzed in 100 ml. of 4. sulfuric acid at 100° for various lengths 
of time. The solutions were filtered and analyzed for biotin by the Lacto- 
bacillus casei and Lactobacillus arabinosus methods, for total soluble nitro- 
gen by the micro-Kjeldahl method of Johnson (9), for amino nitrogen by 
formol titration (10), and for ammonia nitrogen by aeration (11). The 
results were calculated as percentage of total nitrogen or total biotin based 
on the original sample. The results obtained on the liver hydrolysate are 
presented in Fig. 2. ‘The linkages binding the amino nitrogen, biotin, and 
total nitrogen have almost the same stability to acid, as is shown by the 
similarity of the slopes of these three curves after the first 10 minutes of 
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hydrolysis. The imitial differences in the slopes may be partially ex 
plained by the presence of appreciable amounts of soluble biotin or nitro. 
gen in the liver before hydrolysis. 

The acid hydrolysis curves for casein and fibrin were similar to those 
for liver, except that with casein over 60 per cent of the total biotin was 
released in 60 minutes instead of only Il per cent as in the case ol 
liver. Bound biotin released from casein and fibrin by acid was less than 
5 per cent of the total, while with liver the bound biotin released was equal 
to the free biotin. 

Enzymatic hydrolyses were also carried out on samples of tresh liver. 
Trypsin and papain were used in concentrations of | gm. per LOO mil. of 
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Fic. 3. Release of nitrogen and biotin from liver by hydrolysis with papain. 
Curve 1, total soluble nitrogen; Curve 2, soluble free amino nitrogen; Curve 3, free 
biotin; Curve 4, ammonia nitrogen. Nitrogen content of liver 11.3 per cent, biotin 
content 4.0 y per gm., dry weight. 


liver suspension containing 10 gm. of liver (dry basis). The pH of the 
hydrolysis mixture was buffered at 7.8 for trypsin and 5.0 for papain. 
Samples were taken at various intervals up to 60 hours, heated to boiling 
to inactivate the enzymes, and analyzed for nitrogen and biotin. The 
data for liver hydrolyzed with papain are given in Fig. 3. The data for 
the trypsin hydrolysis were very similar to the papain data. Almost all 
of the biotin was liberated by the enzymes during the early stages of hy- 
drolysis, while soluble nitrogen amounted to only 50 to 60 per cent of the 
total nitrogen in the liver in the same length of time. This is in marked 
contrast to the acid hydrolysis of liver in which the free biotin did not rise 
above Il per cent. A possible explanation for the early rapid liberation 
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of free biotin is that the biotin molecules may be released from the end of 
peptide chains, at which positions they are most rapidly attacked by pep. 
tidases. Other types of enzymes such as esterases or phosphatases may 
possibly be responsible for the release of biotin. 

Table II gives the amount of free and soluble bound biotin liberated 
from 1 gm. samples of liver hydrolyzed for 1 hour with 0.1 gm. of papain 
(Merck) and trypsin (Difco). The amounts of free and soluble bound 
biotin were determined by separating them in the counter-current extrac. 
tion apparatus and assaying with Lactobacillus casei. It can be seen from 
Table II that the amount of biotin liberated in 1 hour represented only 
about 2 per cent of the total (6.0 y per gm., dry weight). The biotin lib- 


Taste Il 
Release of Free and Soluble Bound Biotin from Liver by Enzymes 


Free biotin Soluble bound 


ars. 7 
Trypsin... l 0.038 0.042 
24 5.48 <0.01 
Papain... l 0.076 0.070 
(Crystalline enzymes 
Pepsin l 0.093 0.080 
0.093 1.74 
Chymotrypsin l 0.113 <0.01 
0.126 0.074 
Papain 0.090 0.030 
24 


0.103 0.247 


erated in 24 hours was equivalent to the total present in liver, and all of 
this biotin was in the free form. 

The liberation of biotin by enzymes was further studied by observing 
the action of crystalline enzymes on liver which had been autoclaved for 
10 minutes to inactivate the naturally occurring enzymes. 10 mg. of 
pepsin, chymotrypsin, or papain (this enzyme was purified but not crys- 
talline) were added to 100 ml. of buffered liver suspension containing 3 
gm. of liver (dry weight), and the mixture was allowed to hydrolyze at 37° 
for 48 hours. The pepsin digestion mixture was buffered with 0.1 m phos- 
phoric acid at pH 1.5, the chymotrypsin with 0.1 M potassium phosphate 
at pH 7.5, and the papain hydrolysis mixture with 0.1 M sodium citrate at 
pH 5.0. The papain mixture was also activated by the addition of 1 ml. 
of 0.01m KCN. 10 ml. aliquots were removed at various intervals, heated 
in a boiling water bath for 15 minutes, and analyzed for free and total bio- 
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tin, free amino nitrogen, and total soluble nitrogen. The data for the 
liberation of free and soluble bound biotin are included in Table II. In 
Fig. 4 is graphically represented the liberation of nitrogen and biotin dur- 
ing the pepsin hydrolysis. The data show that although an appreciable 
amount of the total nitrogen was solubilized the amount of free biotin 
liberated was low. Pepsin liberated 68 per cent of the total biotin and 85 
per cent of this (58 per cent of the total) was in the bound form. Chymo- 
trypsin was much less effective, releasing only about 8 per cent of the total 
and of this about 60 per cent was free biotin. The figures for papain were 
4 per cent of the total released as free biotin and 12 per cent as bound bio- 
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Fic. 4. Release of nitrogen and biotin from liver by crystalline pepsin. Curve 1, 
total soluble nitrogen; Curve 2, soluble bound biotin; Curve 3, free biotin; Curve 4, 
soluble free amino nitrogen. 


tin. Because of the high amount of bound biotin liberated during the 
pepsin hydrolysis, this enzyme is an effective agent for preparing a solu- 
tion of bound biotin for further purification. 


Resolution of Bound Biotin Components by Paper Chromatography 


A 3 gm. sample of liver was hydrolyzed with 10 ml. of 4.N sulfuric acid 
at 100° for 1 hour and subjected to counter-current extraction. The 
bound biotin contained in Cell 9 of the apparatus was evaporated in vacuo 
to a concentration of 40 to 50 mugm. per ml. The solution was next sub- 
jected to chromatographic resolution of the biotin-active components based 
on the paper chromatographic method described by Consden et al. (12). 
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A paper column to 4em. by was used, and on it 0.08 ml. san. 
ple in water solution Was streaked, about 5 em. trom the top, and allowed 
todry. The column was then suspended for several hours in the glass jar, 
to enable it to absorb water vapor from the atmosphere of the jar, which 
was kept saturated with water vapor and butanol by placing a beaker of 
each of these liquids in the jar. The top of the column was immersed in 
a beaker of water-saturated butanol to a depth of 3. em. The apparatus 
was then allowed to stand until 2 to 4oml. of butanol had passed down 
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CENTIMETERS FROM POINT OF ADDITION OF SOLUTE 
Fic. 5. Resolution of biotin components in acid- and pepsin-digested liver by 
paper chromatography. Curve |, liver digested with crystalline pepsin; Curve 2, 
acid-hydrolyzed liver. 


the column (20 to 40 hours), after which the column was dried and cut up 
into 1 em. squares. Each of these squares was placed in a Lactobacillus 
casei assay tube and the biotin activity determined after 3 days by titra- 
tion of the acid produced. 

Another column containing bound biotin prepared by digestion of liver 
with pepsin was developed and assayed. The bound biotin solution added 
to the column was prepared by hydrolyzing 30 gm. of autoclaved liver 
with 30 mg. of crystalline pepsin at 37°, pl} 1.5. The hydrolysate was 
filtered and the solution evaporated im racuo to LO ml. The distribution 
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of the biotin-active components for both columns after 30 hours is given 
in Fig. 5. The chromatogram for the acid-hydrolyzed liver sample con- 
tains many components, as would a chromatogram of any acid-protein 
hydrolysate in which a given amino acid is located at various places on the 
column according to its attachment to peptides of various lengths. Essen- 
tially one component was observed when the crystalline pepsin liver di- 
gest was chromatographed. If, as indicated by the chromatogram, the 
soluble bound biotin is mainly one component, then chromatography on 
a larger scale may be used as a method for purifying and isolating bound 
biotin. 


DISCUSSION 


The ease with which free biotin is liberated from liver by hydrolysis 
with commercial proteolytic enzyme preparations indicates that biotin 
may be attached to the protein by peptide linkages. However, since the 
true nature of the linkage is not known, other types of enzymes ordinarily 
found in enzyme preparations (phosphatases, esterases, etc.) may be in- 
volved in the reaction. ‘The rapid liberation of the biotin during the early 
stages of the hydrolysis is analogous to the rapid liberation of arginine 
during the enzymatic digestion of proteins (13). 

The liberation by crystalline pepsin of over 50 per cent of the total bio- 
tin from liver as soluble bound biotin which could not be resolved into 
more than one major component on the chromatographic column indicates 
that only one type of biotin complex exists in the protein molecule. The 
release of a single major component containing biotin would be expected 
to occur when the protein is hydrolyzed by a single enzyme, specific in its 
point of attack, and the reaction is allowed to proceed until no further 
hydrolysis takes place. 


SUMMARY 


Samples of casein, fibrin, and liver hydrolyzed by sulfuric acid or en- 
zymes were found to have biotin activities for the assay organism Lacto- 
bacillus arabinosus that differed from their activities for Lactobacillus casei 
and Saccharomyces cerevisiae. This was believed to be due to the presence 
of some of the biotin in a bound or unavailable form. By means of a 
Craig type extraction, a separation of the biotin-active components into 
two fractions was effected. One component was equally active for Lacto- 
bacillus arablinosus and Lactobacillus casei and showed solubility properties 
similar to those of synthetic biotin on counter-current extraction. The 
second component was not active for Lactobacillus arabinosus, but possessed 
activity for the other two organisms. The component inactive for Lacto- 
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bacillus arabinosus could be rendered available to that organism by further 
hydrolysis with either acids or enzymes. 

Biotin was freed less rapidly than total nitrogen during acid hydrolysis. 
When commercial preparations of trypsin, papain, or other enzymes were 
used as hydrolyzing agents, the biotin was released more rapidly than the 
nitrogen and was almost completely liberated after 24 hours. Crystalline 
proteinases liberated very little free biotin from liver. Pepsin released 
almost 60 per cent of the total biotin as soluble bound biotin in 48 hours. 

The soluble bound biotin from acid-hydrolyzed liver samples was re- 
solved into several components on a paper chromatographic column, while 
soluble bound biotin liberated from liver by crystalline pepsin appeared to 
be mainly one compound. 
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STUDIES ON THE HEAT INACTIVATION OF METHIONINE IN 
SOY BEAN OIL MEAL* 


By ROBERT JOHN EVANS anno HELEN A. BUTTS 


(From the Department of Agricultural Chemistry, Michigan State College, 
East Lansing) 


(Received for publication, October 4, 1948) 


Previous work has demonstrated that autoclaving soy bean oil meal for 
| hour at 25 pounds pressure, or for 4 hours at 15 pounds pressure, leads to 
a decrease in the nutritive quality of the protein as measured by its effect 
on the growth of chicks (1-4). Furthermore, this deficiency may be 
counteracted by the addition of lysine and methionine to the autoclaved 
material (4, 5). Microbiological assays indicate that the heat treatment 
in question destroys nearly half of the lysine but none of the methionine 
(6, 7). 

Methionine balance studies with chicks reveal that the above heat treat- 
ment decreases the availability of methionine (3, 7) and also increases the 
methionine content of that portion of the protein which is not digested 
(8). The present investigation was undertaken to determine the nature of 
the substances which inactivate methionine during autoclaving and the 
different types of methionine inactivation. 


EXPERIMENTAL 


Soy bean oil meal,' soy bean protein,’ sucrose,’ and mixtures of 8 gm. 
of soy bean protein with 2 gm. of either sucrose, dextrin, agar-agar, gum 
arabic, glucose, or soy bean oil were the materials studied. 10 gm. of the 
material, with and without the addition of 0.2 gm. of pt-methionine,* were 
autoclaved for 4 hours at 15 pounds pressure. Untreated soy bean oil 
meal and soy bean protein served as controls. The same procedures were 
employed in each of several experiments. 

The total methionine content of the above materials was determined, 
after acid hydrolysis, by microbiological assay with Leuconostoc mesen- 


* Published with the approval of the Director of the Michigan Agricultural Ex- 
periment Station as Journal article No. 990 (new series). 

*Commercial solvent-extracted soy bean oil meal furnished by Professor J. A. 
Davidson of the Department of Poultry Husbandry. 

* The soy bean protein was “alpha” protein furnished by The Glidden Company, 


*Commercial beet sugar. 
* Synthetic pt-methionine was furnished by The Dow Chemical Company, Mid- 
land, Michigan. 
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teroides by using the medium of Lyman ef al. (9), which contains oxidized 
peptone as a source of most of the amino acids. Acid hydrolysates were 
prepared by autoclaving 1.0 gm. of the material with 20 ml. of 20 per cent 


Taste I 
Effect of Autoclaving Soy Bean Protein or Soy Bean Oil Meal on Inactivation of 
Methionine in Protein 
10 gm. portions were autoclaved for 4 hours at 15 pounds pressure. Decreases in 
the methionine content of the soy bean materials as determined on the acid hy 
drolysate after autoclaving are considered to be due to destruction of methionine. 
those determined on the enzymic hydrolysate as due to inactivation, including 
destruction. 


Laryme by 


ment No added Treatment Methio- Methio Methio Methio 
hane nine de. tune Rane 
content strowed content tevated 
porcent 
l Oil meal None None | 0 0.45 0 
Autoclaved 0 0.33 x2 
Protein None 1D 0 
oe Autoclaved 1.18 2 0m 0 
Sucrose} 1.11% 0.024 
Dextrin! 1.14§ 5 54a is 
Agar-agar} 1.054 i3 0.625 
Gum arabic! 1.05% 0.655 | 
2 Oil meal None None 0M 0.38 
Autoclaved 0.55 “ 0.40 0 
Protein None 1.17 “ 0.67 0 
Autoclaved 1.15 2 
Glucose} 1.215 0.245 
Sucrose} 1.21§ 0.365 
Soy bean oil} 1.19§ 0 0.495 Za 
Mixture) 1.135 3 0.156 


* Total methionine is considered to be the methionine content of the unauto- 
claved material determined after acid hydrolyse 

t Total methionine is considered to be the methionine content of the unaute- 
claved material determined after enzyme hydrolysm 

¢ 8.0 gm. of soy bean protein and 2.0 gm. of non-protein material. 

§ Methionine content in the soy bean protein. 

|| 5.0 gm. of soy bean protein, 1.0 gm. of sucrose, 1.0 gm. of dextrin, 1.0 gm. of agar- 
agar, 1.0 gm. of gum arabic, and 1.0 gm. of soy bean oil. 


hydrochloric acid for 6 hours at 15 pounds pressure. Available methio- 
nine in the material was also assayed microbiologically after digesting with 
the enzymes trypsin and erepsin in vitro (10). The percentage of me- 
thionine destroyed was calculated from the decreased total methionine 
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content caused by autoclaving and the percentage inactivated from the 
decrease in available methionine 

The mixture of sucrose and methionine, which became svrupy on auto- 
caving, Was dissolved in water and aliquots hydrolyzed as previously de- 
wribed (11). Portions of the materials that contained added oil were ex- 
tracted with ether in a Goldfisch extractor prior to enzymic digestion m 


Taree Il 
feet u} lutoclaring Werth onine in af Soy Kean Veal or 
Jie Conatituents 
10 gin portions of the suv bean otf meal, sow bean protein, sucruse, oF soy bean oul 
plus han im mater were Nethionine “was added ata lew el of an 
ng. of vt.-methionine (10) me of t methionine). The samples were autoclaved for 
at 1S prota pore 


Vebted metheomeme spac tivated 
Methionine rnacts 


Ensyme destrowed 
y 
per per per 

! ihl meal None 
Protein 2 5 

Dextrin® $2 S| 

Agar-ag 2 44 

2 (nl meal None 43 0 
Protein 2 10 
CGlucose* 0 

Sucrose* 72 ry 

Sov bean oil* ai 

Mixturet 71 71 

3 None Sucrose Hs 17 


* 8.0 gm. of soy bean protein and 2.0 gm. of non-protein material. . 
+ 5.0 gm. of soy bean protein, 1.0 gm. of sucrose, 1.0 gm. of dextrin, 1.0 gm. of 
agar-agar, 1.0 gm. of gum arabic, and 1.0 gm. of soy bean oil 


vitro, but no differences in available methionine content between the ex- 
tracted and unextracted samples were observed. 


Results 


Soy bean oil meal was changed by autoclaving from a light golden brown 
to a dark dirty brown color. However, no methionine was destroyed by 
this treatment, but a variable amount was inactivated (0 to 32 per cent) 
(Table 1). Of the added pt-methionine, approximately 50 per cent was 
destroyed, with no further inactivation by the heat treatment. All the 
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inactivation of pL-methionine added to any of the materials (except sucrose 
alone) was due to destruction (Table II). 

Soy bean protein was little affected by autoclaving, for the change in 
color was slight and no inactivation of methionine occurred. However. 
when the protein was mixed with 20 per cent of sucrose or glucose prior 
to autoclaving, there resulted a chocolate-brown material with the same 
total methionine content as before, but with a 46 to 97 per cent loss ip 
availability. About 75 per cent of the added pi-methionine was dest roved 

A less drastic reaction took place when dextrin, agar-agar, or gum aralvc 
was mixed with the protein before autoclaving than when sucrose or glu. 
cose was added. A lighter colored material was produced and, excep, 
with dextrin (18 per cent), insignificant amounts of methionine were in 
xctivated. Heating with agar-agar or gum arabic destroyed 15 per cen 
of the protein-bound methionine. Autoclaved mixtures of protein and 
either gum arabic, dextrin, or agar-agar (19, 32, and 42 per cent) showed 
smaller losses of added pi-methionine than autoclaved mixtures of pro. 
tein and sucrose or glucose (75 and 69 per cent). 

Autoclaving the mixture of soy bean protein and oil destroyed no pro- 
tein methionine but inactivated 27 per cent; it destroyed 24 per cent of 
the added pi-methionine. A mixture of 5 gm. of soy bean protein with 
1 gm. each of sucrose, agaAr-agar, dextrin, gum arabic, and sov bean oil, 
prepared to simulate the composition of soy bean oil meal, produced ne 
destruction of protein-bound methionine on autoclaving despite the large 
proportion of carbohydrate, but inactivated 7S per cent, it also caused the 
destruction of 71 per cent of the added pL-methionine. 

An autoclaved mixture of sucrose and pi-methionine gave a \ iscous 
syrup, which, when taken up in water, produced a dark reddish brown solu- 
tion containing some undissolved particles. Furthermore, 51 per cent of 
the methionine was destroved and an additional 17 per cent inactivated. 


DISCUSSION 


Previous observations (6, 7) that autoclaving sov bean oil meal for 4 
hours at 15 pounds pressure or for 1 hour at 25 pounds pressure does not 
destroy methionine have been confirmed. However, the heat treatments 
in question decreased the amount of microbiologically active methionine 
released by enzymic digestion in rifro. Variable percentages of protein- 
bound methionine were inactivated by autoclaving soy bean oil meal or a 
mixture of soy bean protein and sucrose, according to data presented in 
Table I. Lysine inactivation and destruction were not variable under 
similar conditions (11). 

Sucrose is apparently the component of soy bean oil meal responsible 
for most of the heat inactivation of protein-bound methionine. Neither 
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gum arabic, an araban, nor agar-agar, a galactan, caused appreciable inac- 
tivation, and dextrin caused only 18 percent. Sucrose, stachvose, arabans, 
galactans, and dextrin have been reported as the principal carbohydrates 
of soy bean oil meal (12, 13). Unfortunately, stachvose was not available 
for use in this experiment. It is improbable that the oil in sov bean oll 
meal is responsible for any methionine inactivation, because solvent-ex. 
tracted meal contains but 1.6 per cent (14), and the 20 per cent oi! added 
to the protein was responsible for the inactivation of only 27 per cent of 
the methionine 

Patton, Hill, and Foreman (15) observed Ivsine, argmine, and trypto 
phan to be the only amine nenls significantly Inactivated by refluxing 
casein ina 5 per cent glucose solution at 06.5° for 24 hours. However, 
they measured inactivation by microbiological assay of an acid hydrols 
sate of the casein, which corresponds to the method of measuring destruc- 
tion used in the present investigation, and so agrees with the observation 
that no methionine was destroyed. Whereas we observed that protein. 
bound methionine was inactivated and free pi-methionine destroyed by 
autoclaving with either sucrose or glucose, Hill and Patton (16) reported 
that amino acid inactivation occurred when casein was refluxed with glu- 
cose but not with sucrose 

A comparison of the heat inactivation of methionine with that of lysine 
is of interest. The methionine and lysine in soy bean oil meal were both 
partially inactivated when the meal was autoclaved, but the reactions dif- 
fered; methionine was inactivated without any destruction, whereas part 
of the lysine inactivation was due to destruction. Lysine, either free or 
protein-bound, was partially inactivated but not destroyed when auto- 
claved with protein (11), but methionine was not affected. Sucrose 
caused a destruction of protein-bound lysine but only an inactivation of 
methionine. Free pt-methionine and pt-lysine hydrochloride were both 
destroyed when autoclaved with sucrose. 


SUMMARY 


No destruction of the methionine contained in soy bean protein oc- 
curred when soy bean oil meal, soy bean protein, or soy bean protein plus 
sucrose, glucose, dextrin, or soy bean oil was autoclaved for 4 hours at 15 
pounds pressure, but a small amount was destroyed when the protein was 
autoclaved with agar-agar or gum arabic. None of the pi-methionine 
mixed with soy bean protein was destroyed, but 24 to 79 per cent of that 
mixed with soy bean oil meal, sucrose, or the protein plus one of the car- 
bohydrates or soy bean oil was destroyed. 

Autoclaving soy bean oil meal caused the binding of a variable amount 
of its methionine in a form from which biologically active methionine was 
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liberated by acid hydrolysis but not by enzymic digestion fy vitro. No in. 
activation of methionine occurred when soy bean protein was autoclaved 
by itself, but 46 to 97 per cent less methionine was liberated by enzymic 
digestion in ettro from protein autoclaved with sucrose or glucose than 
from the unautoclaved protein. Destruction accounted for all of the in. 
activation of the added pi-methionine. 
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METABOLISM OF INORGANIC NITPRITE AND NITRATE 
ESTERS 
1 THE COUPLED OXIDATION OF NITRITE BY PERONTDE PORMING 
SYSTEMS AND CATALASE 


By LEON A. HEPPEL axo VIRGINIA T. PORTERFIELD 


(Prom the Experimental Biology and Medicine Inatitute, National Institutes of 
Health, Maryland) 


Received for publication, October 0, 194s 


This investigation is part of a general study of the metabolism of in- 
organic nitrite and the nitrate esters of importance in the treatment of 
cardiovascular disease. Thurlow (1) showed that mitrite could be ovxi- 
dized by milk peroxidase in the presence of the xanthine oxidase sVstem, 
and that the reaction was strongly inhibited by catalase. We have found 
that the rate of oxidation of inorganie nitrite by homogenates of rat liver 
and kidney was dependent on the content of catalase, and the rate could 
he increased by additions of ervstalline catalase. The further observation 
that catalase by itself had no effect on nitrite led to the demonstration 
that the oxidation of nitrite by catalase was coupled to peroxide-forming 
systems such as xanthine oxidase and p-amino acid oxidase. Catalase 
was here acting as a peroxidase, in utilizing hydrogen peroxide for the 
coupled oxidation of nitrite. 

Keilin and Hartree (2, 3) were the first to show the peroxidasic activ- 
itv of catalase in the coupled oxidation of alcohols with either xanthine 
oxidase, D-amino acid oxidase, or glucose dehydrogenase as the primary 
oxidation svstem. The required concentration of catalase was 1000 
times that necessary for the ordinary catalytic decomposition of hydrogen 
peroxide. 


Methods 


Flavin-adenine dinucleotide was prepared from fresh bakers’ yeast ac- 
cording to Warburg and Christian (4). The nucleotide isolated was 
shown by enzymatic assay (4) to be over 0) per cent pure. p-Amino 
acid oxidase was purified from hog kidney acetone powder by the iso- 
lation procedure and assay method described for sheep kidney by Negelein 
and Brémel (5). When tested with excess flavin-adenine dinucleotide, 
the final preparation had an activity of 218 units per mg. of protein, com- 
pared with Negelein and Brémel’s figure of 187 for material considered by 
them to be 70 per cent pure. 

Nanthine oxidase was purified from cream according to Ball (6), and 
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the preparation contained 70 units per mg. of protein when tested by his 
procedure. Beef liver catalase was isolated and recrystallized three times 
as described by Sumner and Dounce (7), and its purity, Aat. f., was 24,000 
(8S). The catalase content of tissues has been expressed as mg. of cata- 
lase of this purity. 

The reaction mixtures were incubated in air at 37°, with shaking. Sam- 
ples were analyzed for nitrite (9) after deproteinization with mercuric 
chloride and sodium carbonate (10). Nitrate was determined after de. 
proteinization with phosphotungstic acid and removal of chloride (1}) 
The yellow color developed with m-xylenol (12) was measured in the 
Coleman model 6A spectrophotometer at 455 ma. 


Tasie I 
Enzymatic Oxidation of Nitrite to Nitrate 


500 mg. of liver were homogenized with 4.3 ml. of the following solution: magnesium 
chloride, 0.01 potassium chloride, 0.1 phosphate buffer, 0.02 mM, pI] 74. Then 
2.83 um of sodium nitrite were added and the volume was adjusted to 5 ml. The 
p-amino acid oxidase-catalase system consisted of 18.1 units of D-amino acid oxidase 
protein, 20 7 of flavin-adenine dinucleotide, 9 mg. of pt-alanine, 3.5 mg. of catalase, 
and 1.62 ml. of 0.1 m pyrophosphate buffer, pH 8.3, in a total volume of 3 ml. Incu 
bation was at 37°, in air. 


Incubation Initial «Nitrite dis- Nitrate 


Reaction mixture time nitrite appearance formatios 

min. oe 
Liver homogenate..... 2 90 2.83 1.88 1.82 
90 0.98 0.83 1.01 
p-Amino acid oxidase-catalase system .... 75 2.55 2.47 2.38 


RESULTS AND DISCUSSION 


Oxidation of Nitrite by Tissue Homogenates—Rat liver homogenates 
oxidized inorganic nitrite, and the quantitative balance between nitrite 
disappearance and nitrate formation is shown in Table I. The rate of 
reaction was directly proportional to the concentration of nitrite (Fig. 
1). Homogenates of whole blood,' kidney, and smooth muscle had 0.25, 
(0.25, and 0.26, respectively, as much activity as liver. Extracts obtained 
by centrifuging homogenates of liver for 15 minutes at 13,000g in an angle 
centrifuge were active. They were completely inhibited by 2 K 10° ™ 


1 It is known that nitrites react with hemoglobin to form methemoglobin and 
nitrosohemoglobin (13). However, the hemoglobin content of liver and kidney 
homogenates was found to be quite low and was of no significance in determining 
the rate of disappearance of nitrite in the presence of these tissues. 
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cyanide, 4 X 10°? w mercuric chloride, heating at 80° for 10 minutes, and 
in the absence of oxvgen. 

Coupled Oxidation of Nitrite by p-Amano Acid Oxidase and Catalase— 
Dialysis of rat liver extracts resulted in reduced nitrite-oxidizing activity, 
which could be restored by additions of xanthine or pL-alanine. It was 
then found that oxidation of nitrite occurred in a simple reconstructed sys- 
tem composed of p-amino acid oxidase protein, flavin-adenine dinucleotide, 
pi-alanine, and catalase. As seen in Fig. 2, the rate of nitrite oxidation 


(MICROMOLES/5 ML) 
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Fig. 1. Disappearance of nitrite when incubated with rat liver homogenate. 
Test conditions as described in Table I. 


is proportional to the concentration of p-amino acid oxidase up to a point 
when catalase becomes limiting. With catalase as the rate-limiting 
enzyme a straight line results from a plot of the first order velocity con- 
stant for nitrite oxidation, kyo;, against the concentration of catalase 
(Fig. 3)? 

The coupled oxidation could also be shown manometrically with the 
purified p-amino acid oxidase system described in Table I. Incubations 


* The higher rate of nitrite oxidation shown in Fig. 3, as compared with Fig. 2, 
is due to the establishment of a more favorable pH for the coupled oxidation. 
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were carried out in Warburg flasks with 0.2 ml. of 10 per cent potassium 
hydroxide in the center well. The final oxygen uptake was 345 ul. with 
the purified p-amino acid oxidase system, with 3 mg. of pi-alanine. This 
was reduced to 187 ul. by the addition of 3 mg. of catalase. In the pres. 
ence of 5 mg. of sodium nitrite plus 3 mg. of catalase, the total oxygen 


k x 104% 


NITRITE DISAPPEARANCE 


e 

| 

| 

| 

| 

| 

2.5 5 75 10 12.5 


D- AMINO ACID OXIDASE UNITS PER ML. 


Fic. 2. Effect of concentration of p-amino acid oxidase protein on rate of nitrite 
oxidation, with catalase fixed at 1.2 mg. per ml. Test conditions as described in 
Table I. The first order velocity constant, k, equals (—d log NO,)/(dt). Enough 
flavin-adenine dinucleotide has been added to saturate the p-amino acid oxidase 
at all concentrations. 


consumption was 300 ul. Catalase and p-amino acid oxidase had no 
effect on sodium nitrite in the absence of pL-alanine. 

Coupled Oxidation of Nitrite by Xanthine Oxidase and Catalase —Oxi- 
dation of nitrite by the xanthine oxidase system plus catalase was dem- 
onstrated with the purified oxidase enzyme as well as with crude prepa- 
rations (Table II). The data shown are representative of ten separate 
experiments. No reaction occurred when hypoxanthine was omitted. 
With relatively large amounts of catalase there was a rapid disappearance 
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of nitrite. Without catalase there was some oxidation of nitrite because 
of the presence of milk peroxidase in the xanthine oxidase preparation. 
As expected, small concentrations of catalase inhibited the oxidation by 
catalyzing the decomposition of hydrogen peroxide into oxygen and water, 
thus interfering with the action of milk peroxidase (1, 14). 
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CATALASE, MG PER ML. 


Fic. 3. Effect of catalase concentration on rate of nitrite oxidation. Total 
volume, 5 ml.; temperature, 37°; gas phase, air; samples taken for analysis at 30 
and 75 minutes. Additions to each flask: 2.5 ml. of 0.067 Mm phosphate buffer, pH 
7.33; 20 y of flavin-adenine dinucleotide; 13.5 mg. of pt-alanine; 27.1 units of p 
amino acid oxidase protein; 0.2 mg. of sodium nitrite; catalase. The rate of nitrite 
oxidation is obtained by calculating the first order velocity constant, k = (—d 
log (dt). 


Dependence of Rate of Nitrite Oxidation by Tissue Homogenates on Their 
Content of Catalase —Since rat liver and kidney contain both peroxide- 
forming oxidase enzymes and catalase (15-17), it was a question which 
of these would limit the rate of nitrite oxidation. ‘Table II] shows that 
catalase was limiting. The liver homogenate contributed 0.16 mg. of 
catalase per ml. of reaction mixture and the velocity constant for nitrite 
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Coupled Oxidation of Nitrite by Xanthine Oxidase and Catalase 
The flasks contained 5.8 & 10% m sodium nitrite, 0.037 Mm phosphate buffer, pH 


7.39, and 1.5 10° hypoxanthine. 


removed for analysis at 30 and 75 minutes. 


Experiment No. 


20 


2.1 


te 


per ml 


3.9 


Il 
Effect of Catalase and of p-Amino Actd Oxidase System on Oxidation oj Nitrite by 
Rat Liver Homogenate 


reaction 


Units xanthine oxidase per Concentration of catalase 


mil. reaction mixture mixture 


Incubation was at 37°, in air. 


Samples were 


Rate of nitrite oxidation, 


log 


dt 


x 


Each flask contained homogenate from 500 mg. of liver with a catalase content of 


0.79 mg. 


flavin-adenine dinucleotide and 13.5 mg. of pi-alanine. 
phosphate buffer, 0.02 m, pH! 7.33; magnesium chloride, 0.01 M; potassium chloride, 


0.1 Mm; temperature, 37°; gas phase, air. 


Reaction mixture 


Homogenate 
+ p-amino acid oxidase 
protein 
9.0 units 
Homogenate + 3.5 mg. catalase 
Catalase alone (3.5 mg.) 


oxidation, kyo., was 4.0 X 10° min.~. 


Nitrite 
Omin. 30 min. 
wl 
2.83 2.02 
2.83 1.94 
2.83 1.98 
2.83 1.00 
2.83 2.83 


per unit concentration of catalase was then 


40 X 10% min. ' 


0.16 mg. per ml. 


25 <x 10? 


75 min. 


Flasks with b-amino acid oxidase protein contained in addition 30 y of 


Total fluid volume, 5 ml.; 
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5.4 
5.4 
15.0 
0.0 


mi. 


mg. X min. 
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The rate of nitrite oxidation 
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With purified p-amino acid oxidase in a reconstructed system, the figure 
was 3.4 X 10-* (ml.)/(units X minutes). Addition of the components 
of the p-amino acid oxidase system had little influence on the rate of ni- 
trite oxidation by liver homogenates. On the other hand, additions of 
crystalline catalase stimulated nitrite oxidation greatly. 

A similar dependence on catalase concentration was observed in com- 
parable experiments with kidney homogenates (Table IV). Their cata- 
lase content was one-fourth that of liver and this accounts for the fact 
that the rate of nitrite oxidation by kidney homogenates was only one- 
fourth that of liver. 


Tasie IV 


Effect of Catalase and of v-Amino Acid Oxidase System on Oxidation of Nitrite 
by Rat Kidney Homogenate 


Each flask contained homogenate from 500 mg. of kidney with a catalase content 
of 0.25 mg. The addition of the p-amino acid oxidase system included 18.1 units of 
p-amino acid oxidase protein, 20 y of flavin-adenine dinucleotide, and 13.5 mg. of 
pt-alanine. Total fluid volume, 5 ml.; phosphate buffer, 0.02 um, pH 7.33; magnesium 
chloride, 0.01 M; potassium chloride,0.1M; temperature, 37°; gas phase, air. 


Nitrite Rate of Rate (&,,-) 
Reaction mixture ale. per unit 
Omin. 30 min. 75 min. 
mi. 
Homogenate 2.75 | 2.57 | 2.26 1.0 1.9 
o + D-amino acid oxidase | | 
system 2.75 | 2.38 2.05 1.4 2.9 
Homogenate plus catalase | 

1.7 mg. 2.75 2.09 1.23 4.4 1.2 
= 2.75 | 1.93 | 0.88 6.2 1.2 


Reduction of Nitrite by Liver Homogenate—Bernheim and Dixon (18) 
have demonstrated the enzymatic anaerobic reduction of nitrate to nitrite 
in liver. This has been confirmed, but it was found that the anaerobic 
reduction of nitrate was slight as compared with the aerobic oxidation of 
nitrite. After incubating a 10 per cent liver homogenate containing 0.1 
mM sodium nitrate for 105 minutes, the final concentration of nitrite was 
only 18 X 10-° m. In a similar experiment with 0.01 m sodium nitrate 
the accumulation of nitrite was 2 X 10-° m, which represents only 0.2 
per cent reduction. Table I shows that on aerobic incubation of liver 
homogenate with 6 X 10~* m sodium nitrite 64 per cent was oxidized to 
nitrate in 90 minutes. 
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SUMMARY 


1. The oxidation of nitrite to nitrate was catalyzed by the p-amino 
wcid oxidase or xanthine oxidase system acting in conjunction with cata- 
lase. In this reaction hydrogen peroxide formed by the oxidase was uti- 
lized by catalase for the coupled oxidation of nitrite. 

2. The mechanism of nitrite removal by rat liver and kidney homo- 
genates was shown to be dependent on catalysis of coupled oxidation by 
catalase. The rate of reaction could be correlated with the catalase con- 
tent of the different tissue preparations. Also, additions of crystalline 
catalase to homogenates increased the rate of nitrite oxidation, even 
though catalase by itself had no effect. 
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THE METABOLISM OF THE ORGANIC ACIDs OF TOBACCO 
LEAVES 
I. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS OF 
ORGANIC ACID SALTS 
By GEORGE W. PUCHER* ann HUBERT BRADFORD VICKERY 
Wirn THe Tecunicat Assisrance or Wanpa D. Ginter, Laurence 8S. Nouan, 
Cuarwes 8S. LEavenworrut 


(From the Biochemical Laboratory of the Connecticut Agricultural 
Erperiment Station, New Haven) 


(Received for publication, October 22, 1948) 


It was observed in this laboratory about 12 years ago (1) that, when 
excised tobacco leaves are placed with their bases in water and kept in 
darkness for 2 or 3 days, the malie acid content decreases and that of citric 
acid increases, the total organic acidity of the tissues remaining substan- 
tially unchanged (2). Under these circumstances, malic acid apparently 
undergoes transformations that result in the formation of citric acid. 
The reaction is quantitatively an important one, for 12 per cent or more of 
the organic solids of the leaf may be involved. Similar observations have 
also been recorded by Pyatnitskil (3). 

No explanation of the chemical mechanism of the reaction could be 
offered at that time, save the speculation that pyruvie acid could be 
supposed to condense with oxalacetic acid (both being assumed to be de- 
rived from malic acid) with the eventual formation of citric acid. This 
reaction had been previously investigated by Knoop and Martius (4). 
Today, many different enzymatic transformations of organic acids have 
heen described and such reactions are known to occur in a wide variety of 
animal as well as plant tissues. Certain of the reactions have been organ- 
ized into systems of which the Krebs tricarboxylic acid cycle, advanced 
originally to account for the respiration of muscle, is the outstanding 
example (for reviews see (5, 6)). That a system of enzymatic reactions 
similar to or, possibly, identical with the Krebs cycle does in fact operate 
in plant tissues has been rendered highly probable by such findings as those 
of Machlis (7) on the respiration of barley roots, of Bonner and Wildman 
(8) on the respiration of spinach leaves, and of Bonner (9) on the respiration 
of Avena coleoptile. However, in the plant leaf, the reactions, enzymati- 
cally controlled or not, in which organic acids may become involved are 
certainly not restricted to those defined by the Krebs cycle. The rela- 


* Deceased, November 20, 1947. 
t Deceased, November 20, 1948. 
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tively enormous quantity of acids present (trom about 5 to, in extreme 
cases, 40 per cent or more of the organic solids, 15 to 25 per cent being | 
commonly found) may be cited in support of this view. Accordingly, it 
has seemed desirable to carry out tests of the capacity of a leaf to bring 
about transformations of organic acids with the object of obtaining quali- 
tative information regarding the enzymatic reactions that may occur. 

To this end, leaves cut from specially grown tobacco plants were placed 
with their petioles in 0.2 m solutions of the potassium salts of a number of | 
organic acids and kept in total darkness for 2 days. The leaves were then 
dried and the organic acidity, together with the malic, citric, and oxalic 
acid content, was determined. Leaves cultured on water or on 0.2 w 
solutions of magnesium chloride were used as controls to assist in judgments 
of the relative magnitude of the changes that occurred. The culture 
method to introduce organic acids into leaf tissues is to be preferred to | 
vacuum infiltration for the present purpose because the gas spaces in the 
leaves are undisturbed and the substance under study is added slowly 
throughout the experimental period rather than all at once. 


EXPERIMENTAL 


Organic Acids of Tobacco Leaves—The composition of the Rosenberg | 
strain of Nicotiana tabacum grown on nitrate, employed for one group of 
the present experiments, is typical of that of freshly picked tobacco leaves 
grown under normal agricultural conditions. These contained 16.2 per 
cent of the organic solids as malic acid, 2.2 per cent as citric acid, 14 
per cent as oxalic acid, and 3.5 per cent as unknown acids, the last being 
arbitrarily calculated as citric acid. The total was 23.3 per cent. The 
unknown acids doubtless comprise a complex group; small proportions of 
succinic acid have been detected in tobacco leaves with certainty (10), and 

. the literature contains claims for the presence of fumaric acid (11) as well 
| as of caffeic, quinic, and chlorogenic acids (for the literature see (12)). 
Whether pyruvic, oxalacetic, a-ketoglutaric, aconitic, or other biologically 
related acids are present in detectable quantities has not as yet been 
established.' 

If, as a first assumption, it is supposed that the organic acids are nor- 
mally present in an equilibrium relationship together with the enzymes and 
coenzymes necessary to provide for the various transformations that can 
occur, the conditions in the tobacco leaf are obviously such that malic acid 
is present in a high concentration with citric, oxalic, succinic, and other 
acids in relatively low concentrations (13, 14). When abnormal condi- 
tions are imposed as, for example, when the leaf is detached and placed in 
continuous darkness, metabolic reactions continue, but the pathway that 


' Tests recently carried out in this laboratory indicate that there is no significant | 
quantity of isocitric acid in tobacco leaves. 
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is followed may be presumed to depart from the normal. However, the 
observed changes in composition that supervene illustrate some, at least, 
of the reactions that can take place. If, in addition, organic acid anions 
are introduced, the metabolic pathway will again differ, provided that the 
enzymes present are capable of acting upon the added substances. But 
where the added substance is, as it were, foreign to the enzyme systems of 
the cells and is non-toxic, it would be expected to accumulate without 
exerting any substantial effect upon the regular course of events in its 
absence. 

Preparation of Tobacco Plants—It appears to be a general rule that, 
when plants are grown with most or all of the nitrogen supplied in the form 
of ammonium ions, the organic acid content of the leaves is depressed in 
comparison with the leaves of plants grown with all of the nitrogen supplied 
as nitrate. This observation has been made with tomato (15), tobacco 
(16), Bryophyllum (17), and, with respect to malice acid, with narcissus (18). 
The tobacco plant shows the effect remarkably well and, in planning the 
present experiments, it therefore seemed desirable to test the effect of 
culture of the excised leaves in solutions of organic acids not only upon 
leaves of normal acid composition, but also upon leaves the acids of which 
had been diminished in initial concentration by growth of the plants upon 
ammonium salts. 

The varieties chosen were the Rosenberg strain of Nicotiana tabacum and 
the Brazilia variety of Nicotiana rustica because the leaves of these varie- 
ties are provided with short petioles and are more convenient for excised 
leaf culture work than the sessile leaves of the more commonly grown 
kinds. The plants were grown in sand in the greenhouse, one lot of each 
variety receiving a culture solution that contained all of its nitrogen as 
nitrate, the second lot receiving one that contained 75 per cent of the 
nitrogen as ammonium ion and 25 per cent as nitrate (for details of the 
composition of the solutions see (17)). The composition of the second 
culture solution was chosen as the result of earlier experiments which 
showed that plants of normal size can be obtained with it, although stunt- 
ing of growth may occur if higher proportions of ammonium nitrogen are 
employed (16). Growth was normal in all cases and there was little differ- 
ence in the size or appearance of the plants on the two culture solutions. 

Sampling and Culture-—The samples of leaves were taken from the plants 
of the Rosenberg strain 57 days after transplantation at the time the 
flowers were beginning to develop, twenty leaves being cut from each of 
fifteen plants grown on nitrate as the source of nitrogen and from each of 
ten plants grown with 75 per cent of the nitrogen supply as ammonium ion. 
For brevity, these will be referred to, respectively, as nitrate and ammonia 
plants (or leaves). 

The leaves from the rustica plants were collected 63 days after trans- 
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plantation, ten leaves being cut from each of eleven nitrate plants and ten 
ammonia plants. The leaves in each of the four lots were repeatedly 
shuffled to provide for randomization with respect to plant of origin and 
position on the plant, and seventeen-leaf samples from the Rosenberg 
plants and ten-leaf samples from the rustica plants were selected. The 
initial fresh weights of the samples are shown in Table I. The funds. 


Fundamental Data on Sam ples of Tobacce Leaves Subjects d tea 
Culture in 02 mw Solutions of Salts 


The data are expressed in gm. per sample. 


tabacum, Rosenberg strain, 17 leawes | var. Brazilia, 10 leawes 
Nitrate plants | Ammonia plants | Nitrate plants | Ammonia plasty 
| Fresh weight Fresh weight Presh weight 
Alt Atte ed Aft Sz 
ture | J ture | 
Control 263. 6 2/236. 4 0231.2 1s. 193.0 16.9 
200 5 22.5, | 232.6 Wi 7] 
Water 263 
ride 4 209.225.9234 5 22.0 231.7 241.990.1190.7 174 
Magnesium nitrate | 
Ammonium sulfate 264 253.221.5234.0231.921.9 
Malate 264.6279. 1234.5248 325.0 
Citrate 232.3.231.222.0 188.0 195.3 19.4 
Ammonium citrate 230.0 220.5 19.3 189.2 186.6174 
Succinate 7279 5.26.9 239.6 257 .124.9231.7 258.7 22.7 193.4217.519.5 
Fumarate | | 246.521.3 190.5 213.2196 
Pyruvate 265 0220.625.4 236.0 44.017) 
Fumarate + malo- | 
nate 200.7 237.0 25.7 234.6 163.6 20.2 233.0 252.1 23.8 191.7 116.204 
Lactate 232.8 186.8 22.2 189.21399.719.4 
Tartrate 200.0266 .225.7 237.7 244.822.8 


Malonate 200.7 173.7 22.0 192.1116.2182 , 


mental assumption is that cach sample has the same initial composition 
per unit of fresh weight. Control samples of each kind were at once dred 
for analysis and the rest were arranged in V-shaped troughs, the sides @ 
which supported the leaves, while the petioles were held in position at the 
bottom of the trough by a glass rod. Each trough contained a sample ¢ 
nitrate leaves arranged along one side and one of ammonia leaves along the 
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other. The troughs were all in position in a completely dark room (temper- 
ature 25 + 1°) within about 2 hours from the time of cutting the leaves. 
The culture solutions were added to the troughs in sufficient amount to 
eover the ends of the petioles, about 1300 ml. being required per trough. 

The culture solutions were all 0.2 mM in concentration, this having been 
found by preliminary trials with ammonium sulfate solution to be the 
maximum that the leaves could tolerate without developing necrotic lesions 
and becoming entirely flaccid within 48 hours. The solutions were pre- 
pared from weighed quantities of the free acids and were neutralized to 
approximately pH 5.5 with potassium hydroxide, or with ammonium 
hydroxide in the case of one of the citric acid solutions. The solution of 
mixed malonate and fumarate was 0.1 M with respect to each acid. In 
addition to the tests with organic acid culture solutions, tests with mag 
nesium chloride were carried out on all four lots of leaves, in part to serve as 
a control and in part to study certain effects reported by Pyatnitskil, and 
with magnesium nitrate, ammonium sulfate, and water on the Rosenberg 
leaves, in order to obtain information on the nitrogen metabolism. 

At the end of the period of culture, the leaves were rinsed off, weighed, 
and dried in a current of air in an oven at 80°. Because of the time neces- 
sary to handle the samples one by one, the length of time of culture varied 
from 45 to 46 hours for the Rosenberg leaves and from 47 to 49 hours for 
the rustica leaves. The crude dry weights recorded in Table I represent 
the weight after each sample had been dried but before it had been broken 
up and ground for analysis. The analytical determinations were made 
upon the dry powder and the results were then calculated, with the aid of 
factors derived from the data in Table [, to give the quantity that would 
have been obtained if cach sample had weighed exactly 1 kilo at the start 
of the experiment. 

A general idea of the condition of the leaves after being subjected to 
culture may be obtained from the data in Table I for fresh weight before 
and after treatment. Where there was a substantial increase in fresh 
weight, absorption of solution was clearly greater than the transpiration 
loss and the leaves showed this by their unusual turgidity. Where the 
weights differed by only a few gm., there was no striking effect upon the 
turgiditvy. Where there was a marked loss in weight, as with lactate and 
malonate, the leaves were completely flaccid. In some cases (ammonium 
sulfate, citrate, pyruvate, lactate, and malonate), there was more or less 
evidence of chlorophyll degeneration, the color having become paler green, 
and occasional leaves were mottled. On the whole, however, the leaves on 
most of the culture solutions survived the treatment without notable evi- 
dence of harm, they were still living and metabolizing organisms. 
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Effect of Culture on Solids and Ash | 


Tables I] and II] show the details of the changes in composition of the 
samples brought about by the treatment, the data referring to samples of | 
kilo initial weight. The first column of data in both Tables II and I] 
shows the composition at the start. 

Culture in water produced remarkably turgid leaves (19) but there was | 
no significant change in the ash. The loss of 3.5 gm. of organic solids from 
the Rosenberg nitrate leaves represents the effect of respiration, it amount. 
to 5.0 per cent of the organic solids and agrees closely with a previously re 
ported value (19) obtained after 49 hours of culture. However, the Rosen. 
berg ammonia leaves showed an apparent loss in inorganic solids and greater 
loss in organic solids after culture in water than was noted with the nitrate 
leaves. This observation illustrates one of the difficulties with experi- 
ments on excised leaves. In spite of the greatest pains taken to provide 
for randomization in the selection of the samples, erratic differences oc. 
casionally show up when the leaves are analyzed. The sampling error is 
sometimes large and, in order to obtain results of high significance, mani- 
fold replication of the individual samples and statistical analysis of the 
results would be required. This was not done in the present preliminary 
study because of the greatly increased amount of analytical work involved 
General experience has shown that changes of the order of 10 to 15 per cent 
or more are likely to be valid while small changes may be open to the sus _ 
picion that they represent, in part at least, errors in sampling. 

Although the increases in fresh weight were in no case large and ther 
were a number of cases in which the over-all loss in fresh weight was sub- 
stantial, the increase in inorganic solids demonstrates that appreciable 
quantities of culture solution entered the leaves. The only exceptions ar 
the tests with ammonium sulfate and ammonium citrate, neither of which 
| could contribute to the ash content. The magnesium salts did not, in 
fact, enter in large amounts; the ash weights of the samples cultured on 
magnesium chloride increased only about 30 per cent on the average — 
The potassium salts of the organic acids, however, were freely taken up, 
for the ash weights increased markedly. Pyruvate was apparently the © 
least readily absorbed, the increase in ash weight being in three cases les 
than 50 per cent; citrate, succinate, and fumarate, on the other hand, were 
absorbed to such an extent that the ash weights increased more than 10 
percent. The average (twenty-four cases) was 76 + 9 per cent. 

Although small losses of organic solids by respiration are to be antic 
pated in experiments of this type, accumulation of organic solids was | 
observed in all save two cases among the nitrate plants. The Rosenberg 
ammonia plants also showed gains in three of five cases. However, the | 
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rustica ammonia plants lost organic solids in six out of seven cases, the 
culture On ammonium citrate being the exception. Interpretation of these 
differences in behavior is scarcely possible in the absence of data on the 
relative rate of gas exchange, but it may be pointed out that by far the 
greater part of the changes in fresh weight consisted in the gain or loss of 
water and that the increases in organic solids represent absorption of the 
organic acid anions; this usually more than compensated for the loss by 


respiration 
Effect of Culture on Inorganic Salis upon Organic Acid Content 


Tables IV and V show the effect of the treatment upon the organic acid 
composition of the leaves. The first column of data shows the composition 
of the control samples at the start. The subsequent columns show the 
changes in composition brought about by the treatment, the units being 
milliequivalents of acid computed for a sample that weighed | kilo at the 
start. The first five columns of figures in Table IV show the effect of 
culture of Rosenberg leaves on water and on 0.2 m solutions respectively 
of magnesium chloride, magnesium nitrate, and ammonium sulfate. The 
first two columns of Table V show the effect upon rustica leaves of culture 
upon magnesium chloride. 

The normal course of the metabolism of excised tobacco leaves, that is 
to say normal in the sense that no reagent that affects the course of events 
is introduced, is illustrated by the results of the culture of the Rosenberg 
nitrate leaves in water. Citrate acid increased by about 50 per cent and 
malic acid decreased by about 11 per cent. Nevertheless, the total organic 
acids did not change significantly and the increase in unknown organic 
acids (calculated by difference) was so small as to be negligible. This 
general type of behavior was duplicated in the leaves cultured on mag- 
nesium chloride, although in this case the increase in citric acid and the loss 
of malic acid were appreciably greater than in the sample cultured on water. 

Comparison of the acid composition of the Rosenberg ammonia leaves 
with that of the nitrate leaves clearly shows the effect of the conditions 
under which the plants were grown. The total acidity and the oxalic, 
citric, and malic acid contents were greatly depressed, although the quan- 
tity of unknown acids was considerably higher than in the nitrate leaves. 
This is also true for the rustica leaves (Table V). Culture of the Rosen- 
berg ammonia leaves on water brought about no definite change in citric 
acid but there was a large relative decrease in malic acid. The significance 
of the apparent drop in total acid is not clear inasmuch as this sample was 
low in inorganic solids (see Table II) and therefore may not have been 
initially of exactly the same composition as the control. However, the 
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behavior of the sample cultured on magnesium chloride was closely similar 
and in this case there was no change in total acidity. 

The test with magnesium chloride on the Rosenberg nitrate leaves is 
especially interesting in view of the observations of Pyatnitskil (20). In 
experiments designed to promote the formation of citric acid in tobacco 
leaves to a maximal extent, this investigator noted that culture on mag- 
nesium chloride was more effective than culture on any other of a series of 
inorganic salts. The citric acid content was rather more than doubled 
and, if the leaves were subsequently cured for 2 days, was increased as 
much as 4-fold. The present test with Rosenberg nitrate leaves apparently 
confirms Pyatnitskil’s observation that magnesium chloride has a special 
effect upon the synthesis of citric acid, but it should be noted that the 
Rosenberg ammonia leaves did not behave in a similar manner. Further 
tests of this pot are obviously desirable. 

The data for the rustica leaves in Table V show that the leaves of this 
species, when cultured on magnesium chloride solution, behave in general 
like those of the Rosenberg strain. There was again an increase in citric 
acid and a decrease in malic acid, coupled with only a small if not negligible 
change in total acidity. The effect of growth of rustica plants on ammo- 
nium salt culture solutions as compared with growth on nitrate was, on the 
whole, less profound than in the Rosenberg plants. However, in both 
species, the ammonia plants are characterized by having about two-thirds 
of the total acidity present as unknown acids. Culture of these leaves on 
magnesium chloride gave rise to proportionately large changes in citric 
and malic acids in the same direction as those observed in the nitrate leaves 
and, in addition, brought about a sharp increase in oxalic acid. 

Culture of the Rosenberg nitrate leaves on ammonium sulfate gave 
results somewhat different from those discussed hitherto. There was a 
definite loss of total acidity, a small and probably not significant gain in 
citric acid, and a major loss of malic acid. Accordingly no evidence for 
the conversion of malic to citric acid was found in this case; rather, the 
change seems more like that observed when the plants are grown in ammo- 
nium salt culture solutions; that is, the general effect is in the direction of 
lower total acid content. This may have obliterated any analytical evi- 
dence for the conversion of malic to citric acid. The Rosenberg ammonia 
leaves showed no significant effect of culture on ammonium sulfate. 


Effect of Culture on Organic Acids upon Organic Acid Content 
Two entirely independent groups of analytical data demonstrate that 
organic acid anions entered the leaf tissues during culture; these are the 
increases in ash and the increases in total organic acidity. The changes in 
total acidity shown in Tables IV and V range from 40 m.eq. for the rustica 
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ammonia leaves cultured on pyruvate to 218 m.eq. for the rustica nitrate 
leaves cultured on the mixture of fumarate and malonate. The average 
of the twenty-four cases was 135 + 47 m.eq.; calculated arbitrarily as 
malic acid, this is the equivalent of ¥ gm. of acid taken up per sample or 
about 13 per cent of the organic solids of the leaves at the start. Despite 
the variation among the different acids, the effect was therefore, on the 
whole, considerable. 

The increase in total acidity is closely correlated with the increase in 
ash. This increase may be assumed to represent essentially potassium 
carbonate, and the coefficient of correlation with the increase in organic 
acidity in the twenty-four cases was 0.90. The probability is less than one 
in a billion that this is a chance relationship.* 

The special value, for experiments of this type, of the leaves of the 
ammonia plants can be appreciated from the data for the increases in total 
acidity. The Rosenberg ammonia leaves showed increases of 173 per cent 
over the controls and the rustica ammonia leaves 133 per cent as the aver- 
age of the experiments with the two types. The nitrate leaves on the 
other hand increased by only 44 and 82 per cent in organic acidity respec- 
tively. The ammonia leaves, with their lower initial total acidity, were 
thus the more strikingly affected by the unposed conditions. 

pi-Malate—When cultured on potassium malate, the total organic 
acidity in the Rosenberg nitrate leaves increased by 142 m.eq., citric acid 
by 37.6, and unknown acids by 30.3; malic acid, instead of decreasing, in- 
creased by 68 m.eq. Citric acid formation was thus a little greater than in 
the control leaves cultured on magnesium chloride, and the supply of 
malic acid was sufficient to bring about accumulation of this substance. 
The analytical method (2, 21) employed does not distinguish between the 
enantiomorphs of malic acid. It is quite possible, therefore, that much of 
the malic acid which accumulated in this sample was b-malic acid which 
would presumably not enter into the enzymatic reactions. 

The intensity of the metabolic activity is emphasized by the increase in 
unknown acids and also by the increase of 6.3 m.eq. of oxalic acid. Little 
is known of the metabolic function of oxalic acid in leaves but there is a 
tendency to regard it as an end-product of oxidative processes. The 
changes in oxalic acid in most of the tests were small and of doubtful sig- 
nificance, but culture on malic acid is a case in which the increase is almost 
certainly beyond the experimental error; it amounted to 30 per cent of the 
oxalic acid present at the start. The picture is one of stimulation of 
organic acid metabolism, although the enzyme systems were apparently 


* The assistance of Dr. C. |. Bliss in carrying out this calculation is gratefully | 
acknowledged. 


itrate 
"erage 
ily as 
ple or 
espite 


m the 


ase in 
ssium 
ganic 
one 


f the 
total 


ganic 
acid 
g, in- 
an in 
lv of 
ance. 
n the 
ch of 
vhich 


ise in 
Little 


G. W. PUCHER AND HL. B. VICKERY 


unable to deal with all of the malic acid that entered the leaves. A rough 
measure of this quantity may be derived from the increase in ash. If this 
is assumed to represent potassium carbonate, it was the equivalent of 10.8 
gm. of malic acid. The increase in total acids as determined was equiva- 
lent to 9.5 gm. of malic acid. 

The Rosenberg ammonia leaves cultured on pL-malic acid acquired 182 
m.eq. of organic acid. The increase in citric acid was 80.4 m.eq., an evi- 
dence of intensely stimulated synthesis in these leaves. Malic acid accu- 
mulated to the extent of 142 m.eq., and it may be inferred that so much 
malic acid was taken up that not all of the L enantiomorph was metabo- 
lized. Furthermore, there was a definite increase in oxalic acid, again of 
the order of 30 per cent of the quantity originally present. The unknown 
acids, however, scarcely changed in amount. 

Citrate—The rustica nitrate leaves cultured on potassium citrate ac- 
quired 171 m.eq. of total acid, equivalent to 10.9 gm. of citric acid.  Esti- 
mated from the increase in ash, the quantity is 12.0 gm. The actual citric 
acid content increased by 84.8 m.eq. (5.4 gm.). Malice acid did not de- 
crease; rather it increased by 90 m.eq., an evidence of the reversal of the 
normal direction of the enzymatic reactions of the leaves under the influence 
of the influx of citric acid. Ovxalie acid did not change significantly and 
the unknown acids diminished slightly. 

In the rustica ammonia leaves, there was a slightly larger increase in 
total acids, but the increases in citric and malic acids were a little smaller. 
The general stimulation of the metabolism brought about a large increase 
in unknown acids which amounted to 45.1 m.eq. 

The effect of culture on ammonium citrate was qualitatively similar to 
that on potassium citrate although the quantities involved were smaller. 
Citrate ion was taken up from ammonium citrate solution in smaller 
amounts, as judged by the increase in total acidity. 

These experiments demonstrate that the normal conversion of malic to 
citric acid observed in tobacco leaves cultured in water in darkness is 
reversible if citrate ion is supplied from without in sufficient amounts. 

Succinate—Tests of the behavior of succinic acid were carried out with 
all four lots of leaves. Inasmuch as succinic acid is a normal component 
of the tobacco leaf, although present in only small proportions, it might be 
anticipated that the introduction of the succinate ion would stimulate the 
formation of citric acid under the conditions of the experiment. The 
general effects were similar in all four tests; the average increase in total 
acids was 166 m.eq. (9.8 gm. calculated as succinic acid). Citrie acid in- 
creased by almost the same amount in all four, the average being 49.1 
m.eq. (3.1 gm.), and, as in the case of culture on citric acid, malic acid also 
increased, the average being 74.6 m.eq. (5.0 gm.). The completeness 
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with which the added succinic acid was metabolized is shown by the rather 
small increase in unknown acids in comparison with the quantity of succinic 
acid introduced. Furthermore, there was a small but definite increase jn 
oxalic acid in the Rosenberg leaves. Direct determinations of succinic 
acid were not made, so that there is no evidence as to whether succinic 
acid accumulated at all or was completely metabolized. The data show, 
however, that succinic acid is an extremely active metabolite. It fits 
readily into the general scheme of organic acid metabolism and is as effee- 
tive as citric acid in increasing the malic acid concentration. 

Fumarate—Fumarie acid has been claimed to be a normal component 
of tobacco leaves although the evidence is not entirely convincing. If 
present at all, the quantity must be small; traces may indeed be en- 
countered when the organic acids from tobacco leaves are subjected to 
esterification and distillation (22) but it is difficult to prove that the sub- 
stance found was not produced during the manipulations. The present 
culture tests with rustica leaves, however, gave results that are closely 
similar to those obtained with succinic acid, save that oxalic acid was 
probably not increased. Both malic and citric acids increased markedly 
and there was only a moderate increase in unknown acids, so that fumaric 
acid did not accumulate to any notable extent. Fumaric acid clearly fits 
into the metabolic scheme as well as succinic acid and, whether or not it is 
a normal component present in detectable quantities, enzyme systems 
capable of transforming it are obviously present. 

Pyruvate—The effect of pyruvate was tested with all four lots of leaves 
with moderately consistent results. Citric acid formation was stimulated 
in both lots of nitrate leaves to about the same extent as it was by succinate; 
however, pyruvate was much less effective than succinate in stimulating 
citric acid formation in the ammonia leaves. Malic acid diminished in the 
Rosenberg nitrate leaves and in the rustica ammonia leaves to about the 
same extent as it did in the magnesium chloride control; it did not change 
in the Rosenberg ammonia leaves and decreased scarcely appreciably in 
the rustica nitrate leaves. In all cases, the increase in unknown acids was 
definitely less than the increase in total acidity and, in the rustica nitrate 
leaves, this increase was considerably less. Accordingly, it abpears prob- 
able that the newly acquired pyruvic acid was metabolized to some extent 
in all four lots of leaves and there can be no doubt in the case of the rustica 
nitrate leaves. Pyruvate was sluggishly taken up in comparison to some 
of the other acids and its effects were, in general, less striking than were 
those of succinate. Nevertheless, it seems to have entered into the me- 
tabolism, for the formation of citric acid was stimulated and, in two cases, 
malice acid did not decrease, as would be expected from the behavior of 
the controls. 
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Lactate—The effect of lactic acid® was tested with rustica leaves. The 
increase in total acidity and in ash was about the same as with fumaric 
acid and the increase in citric acid was also similar to that observed with 
fumaric or succinic acid and was materially greater than in the control on 
magnesium chloride. In both lots of leaves, malic acid, instead of de- 
creasing, increased significantly although not strikingly. However, there 
was a large increase in unknown acids, which suggests that a considerable 
part of the lactic acid taken in was not metabolized. Because of the crude 
nature of the preparation of lactic acid used, no inference can be drawn 
save that lactic acid probably shares to some extent in the general course 
of the metabolism; enzyme systems that are capable of transforming it are 
evidently present. 

Malonate—The effect of malonate was tested with rustica leaves. The 
salt was taken up in appreciable quantities but the most striking feature 
of the data is that the unknown acids increased even more than the total 
acidity. This suggests, in the absence of direct determinations of malonic 
acid in the tissues, that this substance was not metabolized at all but 
merely accumulated. However, there was an increase of citric acid in the 
nitrate leaves which amounted to about one-third the quantity observed 
in the control, so that the phase of the enzymatic reactions which leads to 
synthesis of citric acid was not entirely inhibited. The loss of malic acid 
was roughly twice that in the control and was much greater than would be 
needed to account for the citric acid produced on any simple hypothesis 
of transformation. The surplus of unknown acids over the quantity of 
malonic acid presumably absorbed suggests that part of the malic acid may 
have had an unusual metabolic fate. 

In the ammonia leaves, there was no detectable change in citric acid, 
and malic acid diminished by a quantity equal to that in the control cul- 
tured on magnesium chloride. There was an increase in unknown acids 
greater than could be accounted for by the absorption of malonie acid. 
The general impression given by the data is that malonic acid does indeed 
interfere with the normal course of events when added in relatively large 
quantity. However, far more detailed analysis of the tissues than was 
attempted would be required to define the effect. 

L(dextro)-Tartrate—The Rosenberg leaves cultured on tartrate increased 
moderately in total acidity, citric acid increased to about the same extent 
as it did in the controls, and malic acid decreased normally in the nitrate 
leaves. In the ammonia leaves, malic acid did not change; in both lots, 
however, the unknown acids increased so greatly as to render it probable 

* The preparation of lactic acid used was a commercial product that was doubtless 


heavily contaminated with anhydride and lactide (23) but nevertheless contained a 
reasonable proportion of L-lactic acid. 
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that tartaric acid was not metabolized to any significant extent. If en. 
zymes are present that bring about chemical change in tartaric acid, there 
was no evidence that either citric or malic acid was produced from this 
source. In neither test was there evidence that tartaric acid interfered 
with the normal course of the metabolism. 

Fumarate and Malonate—The effect of an equimolar mixture of furnarie 
and malonie acid was tested with all four types of leaves to obtain further 
evidence on the possibility of interference on the part of malonic acid with 
the course of the metabolism. Malonic acid is known to inhibit the action 
of succinic dehydrogenase in animal tissues (24). If fumarie acid, the 
product of the reaction of succinic dehydrogenase upon succinic acid, were 
absorbed by tobacco leaves along with malonic acid, there should be no 
great difference in the result from that observed when succinic acid alone 
was administered. Tests with fumarate, succinate, and malonate sepa- 
rately were carried out with the rustica leaves and it will be recalled that 
both fumarate and succinate gave rise to marked increases in both citric 
and malic acids. When the mixture of malonate and fumarate was em- 
ployed, the total acidity of the rustica nitrate leaves increased more than 
in any of the other tests; citric acid increased significantly, although toa 
smaller extent than with fumarate or succinate alone. Malic acid, how- 
ever, decreased nearly as much as it did in the magnesium chloride controls 
instead of increasing as it did with fumarate and succinate. The unknown 
acids increased nearly as much as the total acidity and far more than can 
be accounted for on the assumption that half of the acid acquired was 
malonic acid which remained unchanged in the tissues. The general effects, 
then, were to increase citric acid appreciably more than in the control 
although less than in the test with fumarate alone, to decrease malic about 
as in the control, and to stimulate the production of unknown acids just 
as malonic acid alone appeared to do. 

The effect on the rustica ammonia leaves was similar although less pro- 
nounced. 

The Rosenberg nitrate leaves behaved in much the same way; the in- 
crease in citric acid was greater than in the water or magnesium chloride 
control and about the same as that in the test with succinate; the decrease 
in malic acid was greater than in the controls. In this case, the apparent 
transformation of malic to citric acid was promoted. Again, the unknown 
acids increased much more than could be attributed to the accumulation 
of malonic acid. 

The Rosenberg ammonia leaves also showed evidence of an active me- 
tabolism, although at a lower level than in the nitrate leaves. Citric acid 
increased markedly and malic acid also increased to some extent. Appar- 
ently sufficient fumaric acid was taken up to provide for increases in both 
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of these components and there was also evidence of increase in unknown 
acids if it is assumed that half of the total uptake of acid was malonate 
which remained unchanged in the leaves. 

The results, then, suggest that the malonate introduced along with the 
fumaric acid did not seriously interfere with the enzyme systems that bring 
about the formation of citric acid. The nature of the effects upon the 
metabolism of malic acid remain, however, for future study. 


DISCUSSION 


The present experiments indicate that the cells of tobacco leaves contain 
enzyme systems capable of metabolizing most of the organic acids which 
figure in the Krebs tricarboxylic acid cycle. Lactic acid also appears to be 
metabolized fairly readily but tartrate and malonate are not. Pyruvate 
seems to occupy a somewhat special position although this may be appar- 
ent only, inasmuch as pyruvate was the least readily absorbed of the acids 
tested. ‘There is little question that it did enter into the reactions of the 
cells to some extent. 

d-Isocitric acid was not available at the time these experiments were 
carried out, so that a test with this substance was not made; such a test 
will be reported on in a later paper. 

The evidence is entirely analytical and therefore indirect. Neverthe- 
less, if a certain chemical change occurs in a living tissue, the inference is 
clear that an enzyme system essential for this change must be present. 
Where the change is similar to one well known to take place in the more 
fully investigated animal tissues, similarity in the function of the enzyme 
system is also to be inferred. However, the similarity probably extends 
only to the function, for it is extremely unlikely that the specific enzymes 
of the tobacco leaf are identical with those that bring about similar reac- 
tions in such a tissue as pigeon breast muscle. The analogy with the differ- 
ences between the proteolytic enzymes of plant and of animal tissues may 
perhaps be pointed out; papain, a typical proteolytic enzyme from a plant, 
differs in composition and structure as well as in the details of its mode of 
action from trypsin; yet both enzymes bring about the hydrolysis of pep- 
tide bonds in intact proteins. 

Although all of the individual members of the Krebs tricarboxylic acid 
eyele that were tested appeared to fit smoothly into the metabolic system 
of the tobacco leaf and stimulated at least one of the chemical changes that 
has been recognized to occur normally, it does not necessarily follow that 
the Krebs cycle defines the exact sequence of reactions that takes place. 
Before this can be established, isolation of some, at least, of the specific 
enzyme systems and reproduction of the reactions tn vitro will be neces- 
sary, doubtless a long and difficult task. For the present, all that it seems 
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safe to assume is that the cells of the tobacco leaf contain systems of en- 
zymes which bring about interconversions of organic acids in a manner 
that has close analogies with the reactions of the Krebs cycle. 

To what extent the conversion of malic into citric acid in the tobacco 
leaf represents reactions involved in the function of respiration is also un- 
certain. That respiration was taking place at a moderately high rate is 
evident from the behavior of the carbohydrate of the leaves. The data 
for loss of soluble carbohydrate from each of the samples are given in Tables 
IV and V. Carbohydrates were drawn upon more heavily in the ammonia 
leaves than in the nitrate leaves, a fact possibly connected with the lower 
concentration of organic acids in the ammonia leaves, for organic acids 
themselves appear to be utilized during the respiration of leaf tissues (25). 
Carbohydrate loss was also high in the leaves cultured on ammonium sul- 
fate and ammonium citrate. However, malonate did not interfere detect- 
ably with the utilization of carbohydrate; on the contrary, the loss of 
carbohydrate from the Rosenberg leaves cultured on the mixture of malo- 
nate and fumarate was greater than in most of the other instances, al- 
though this was not so for the rustica leaves. On the whole, the evidence 
does not suggest any striking effect of the presence of organic acids in the 
culture solutions upon the utilization of carbohydrate. 


SUMMARY 


Detached leaves of the tobacco plant, when subjected to culture in water 
or in 0.2 m solutions of inorganic salts or of the potassium salts of organic 
acids, show, by the changes in the content of oxalic, citric, and malic acid 
and in the total organic acidity, that metabolic reactions continue actively 
for at least 2 days. When cultured on water or inorganic salts, the main 
effect is a decrease in the malic acid and the formation of additional citric 
acid, there being little change in total acidity. The evidence suggests that 
malic acid undergoes transformations that result in the synthesis of citric 
acid. The advent of organic acid anions from the culture solution alters 
the general course of events; culture on citrate reverses the effect of culture 
on water and this is, in part, true also for succinate and fumarate inasmuch 
as both citric and malic acids increase. Lactate and pyruvate show a 
similar though less pronounced effect. Malonate interferes to some ex- 
tent with the normal transformations but, if furnished together with fu- 
marate, the formation of citrate is stimulated. Tartrate, however, does 
not appear to have any influence upon the reactions; the increase in un- 
known organic acids indicates that it merely accumulates. 

The general results suggest that those organic acids which figure in the 
Krebs tricarboxylic acid cycle enter readily into the organic acid metabo- 
lism of the tobacco leaf and the inference is drawn that enzyme systems 
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are present which are capable of metabolizing these acids with considerable 
rapidity. However, it cannot be concluded that the enzyme systems are, 
in fact, identical with those characteristic of the Krebs cycle, for no evi- 
dence has been secured upon the sequence of the individual reactions. 
Under the present experimental conditions, only the beginning and the end 
of the metabolic process are accessible to analysis. Nevertheless, it seems 
to be clear that the organic acids of the tobacco leaf are members of a dy- 
namic system, the functions of which bear close analogy to those of the 
systems present in the more thoroughly investigated animal tissues. 
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METABOLISM OF 3,5-DIKETOHEXANOIC ACID AND ITS 
6-LACTONE BY TISSUE HOMOGENATES 
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As an approach to the problem of the possible intermediates in fatty 
acid oxidation Breusch and Ulusoy (1) studied the metabolism of the 6-lac- 
tone of 3,5-diketohexanoiec acid (triacetic acid lactone). These workers 
reported the formation of 1.3 moles of acetoacetate per mole of substrate 
utilized by minced cat liver and found that the acid remained practically 
unattacked in kidney, muscle, and lung. 

An investigation of this problem was carried out by using a spectro- 
photometric procedure based upon the high ultraviolet absorption of the 
polyketo acids (2). Chemical and spectrophotometriec evidence indicates 
that the 6-lactone of 3,5-diketohexanoic acid is enzymatically opened to 
yield the free 3 ,5-diketo acid, which is subsequently hydrolyzed to aceto- 
acetic acid and a volatile acid, presumably acetic acid. Both the liver 
and kidney of the rat catalyze these two consecutive enzymatic processes. 
The lactonase is more active in kidney than in liver homogenates, and the 
hydrolysis of 3,5-diketohexanoie acid is more rapid in liver. The pH op- 
tima of the two steps are different, suggesting that they are catalyzed by 
different enzymes. ‘This was proved by physical separation of the two 
enzyme activities. Neither the lactone nor the free diketo acid is de- 
stroyed at an appreciable rate by homogenates of pancreas, spleen, mus- 
cle, or brain. 

When the degradation of the 6-lactone of 3,5-diketohexanoic acid was 
studied spectrophotometrically (2), the following observations were made: 
(a) Incubation of the lactone with liver homogenates at pH 7 resulted in 
a progressive decrease in absorption of the substrate at all wave-lengths, 
with maxima at 285 and 275 my in acid and alkali, respectively. (b) In- 
cubation of the lactone with liver or kidney homogenates at pH 5.5 led to 
a progressive decrease in absorption determined in acid, while a new spec- 
trum appeared in alkali with a maximum at 295 my. (c) The new spec- 
trum disappeared slowly at pH 5.5, but if the mixture was adjusted to pH 
7.0 to 7.4, it disappeared more rapidly. The new spectrum was consid- 
ered to represent an intermediate in the conversion of the lactone to ace- 
toacetate. The possibility that the intermediate was free 3 ,5-diketohex- 
anoic acid was suggested by (a) the similarity of the ultraviolet absorption 
curves of the intermediate and certain compounds possessing the grouping 
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COCH,CO— (3-5) with respect to absorption maxima and the reversi- 
ble effect of acid and alkali on the absorption, (4) the fact that after acid 
distillation of mixtures of the lactone and liver or kidney homogenates in- 
cubated at pH 5.5 the distillate possessed an ultraviolet absorption curve 
similar to acetylacetone and formed a red complex with iron, and (c) the 
similarity of the enzymatic and chemical behavior of 3 ,5-diketohexanoic 
acid with that of the intermediate compound. 


EXPERIMENTAL 


Materials— Dehydroacetic acid was prepared by heating gaseous ethy! 
acetoacetate in an iron pipe at about 450° as described by Collie (6). The 
product was purified by distillation and crystallization from water and 
from ether. 108° (uncorrected). 


Analysie—C 10, Caleulated, C 57.16, H 4.79; found, C 57.28, H 4.9% 


The é-lactone of 3,5-diketohexanoic acid was prepared from the above 
compound as described by Collie (6). Mp. 187° (uncorrected). 


Analysis—CHO,. Calculated, C 57.15, 1 4.80; found, C 57.12, H 5.05 


Ethyl 3 ,5-diketohexanoate was obtained by heating the é-lactone of 3 ,5- 
diketohexanoic acid with 3 moles of absolute alcohol in a sealed tube at 
110° for 48 hours and purified through the copper salt as described by 
Sproxton (7). 


Analysie—C 4),. Caleulated, C 55.51, H 7.02; found, C 55.36, 


The free acid was prepared by saponification of the ester with the theoret- 
ical amount of sodium hydroxide. The alcohol was removed by vacuum 
distillation. Similar enzymatic data were obtained when the alcohol was 
not removed. 

Acetylacetone, obtained from the Eastman Kodak Company, was redis- 
tilled before use. Solutions of sodium acetoacetate were prepared as de- 
scribed by Davies (8). 

M cthods—Male and female rats of the Buffalo strain, weighing 150 to 
350 gm. and fed ad libitum, were employed. The animals were killed by 
decapitation followed by exsanguination and the fresh tissues immediately 
ground with 1.5 volumes of cold water in the Potter-Elvehjem homogeni- 
zer (9). The homogenates were incubated with an equal volume of 0.025 
™ substrate in 0.13 « phosphate buffer at 37°. Aliquots were removed at 
suitable intervals for spectrophotometric and chemical analysis. Con- 
trols with substrate alone and homogenate alone were employed. The 
substrates were stable under the conditions of incubation employed. 
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Ultraviolet absorption studies were carried out with the Beckman model 
DU spectrophotometer with a 1 cm. light path. The absorption curves 
in acid and in alkali for 3,5-diketohexanoic acid lactone and the free di- 
keto acid are given in Fig. 1. The relationship between degree of enoliza- 
tion and absorption of the diketo acid is similar to that observed with 
2.4-diketo acids (3). The procedure used for following the enzymatic 
degradation of 3 ,5-diketohexanoiec acid lactone was as follows: A 0.4 ce. 
aliquot was treated with 19.6 ec. of 3 per cent perchloric acid (10) and the 
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Fic. 1. Ultraviolet absorption spectra of 3,5-diketohexanoic acid (A) and the 
jtactone of 3,5-diketohexanoic acid (L); free acid, @; lactone, O; continuous 
curves, in 0.1 ~ hydrochloric acid; dash curves, in 0.1 N sodium hydroxide. Con 
centration, 5 X 10°* w (free acid) and 1.25 & 10°‘ w (lactone). 


mixture filtered. Aliquots of the clear filtrate were treated with an equal 
volume of 0.5 ~ sodium hydroxide or 0.1 ~ hydrochloric acid and read 
against a homogenate blank which was treated in identical fashion, except 
that substrate was omitted. A similar procedure was employed for follow- 
ing the disappearance of 3 ,5-diketohexanoic acid, except that the final di- 
lution was 2.5 times greater. The values of absorption are expressed as 
D-Alk or D-Ac for the data obtained in sodium hydroxide and hydro- 
chloric acid, respectively. Wave-lengths are given in parentheses. 

The aniline citrate method of Edson (11) was employed in certain ex- 
periments. With this procedure acetoacetate and 3 ,5-diketohexanoate 
were completely decarboxylated, yielding theoretical amounts of carbon 
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dioxide, whereas the more stable lactone liberated negligible amounts of 
carbon dioxide in 6) minutes at 37 

Determinations of total ketone, acetone, and acetvlacetone were carned 
out on distillates of 1 to 4 ce. alquots of the cubated mixtures acidified 
with 2 ec. of 0.67 NS sulfuric acid. A quantitative colorimetric method for 
acetvlacetone bused upon the red color of the iron-acetvlacetone comple, 
(12) was developed, A titrimetric procedure for the determination of 
acetyvlacetone and other Sahearbonvl compounds by use of the COP eT: 
acetvlacetone complex has been desenbed (13). The present method ha 
the advantage of being relatively simple, and when apphed to distillates 
eliminates interference by non-volatile compounds such as 2, b-chketo 
acids. Since acetone and other methyl ketones give no color with forrs 
chloride, acetylacetone can be determined in acid distillates of mixture 
containing acetoacetic ack! and other 3-keto acids. The following proce 
dure was emploved: A 5 ec. aliquot of the distillate containing bet ween 
0.5 and 5 au of acetylacetone was added to | ce. of freshly prepared 0.04 
ferric chloride in a colorimeter tube and mixed thoroughly Maximum 
color development was observed in 5 minutes, at which time the tubes 
were read in the Coleman spectrophotometer at SOO my against a blank 
containing 5 cc. of water and 1 ec. of ferric chloride. The color intensity 
decreased 5 per cent in | hour. The optical density was directly propor 
tional to acetylacetone concentration. Recovery of acetylacetone added 
to homogenates was between OS and 101 per cent in the presence or a!» 
sence of 1000 times as much acetone. - Duplicate determinations checked 
within 2 per cent. Dhistillates of homogenate blanks gave no color. Ip 
the present experiments the pl! of the distillate plus ferric chloride wa 
always between 2.4 and 2.5. A decrease in complex formation occurs 
the pH is increased to 3.0. In cases in which the pl of the solution to 
be analyzed is variable, a strongly buffered system would therefore be re 
quired. The method could be adapted to the determination of smaller 
amounts of acetylacetone by developing the color in a smaller volume. 

Acetylacetone was also determined from the ultraviolet absorption of 
the distillates in 0.1 N sodium hydroxide at 205 mg by employing a molar 
extinction coefficient (£) of 20,000. The absorption of distillates of con- 
trols containing homogenate alone was negligible under these conditions. 
The values obtained by this procedure were in good agreement with those 
determined by the colorimetric procedure (Figs. 2 and 3). Differences of 
less than 6 per cent were found between the data obtained by the two 
methods. In confirmation of Breusch and Ulusoy (1) we have noted that 
during distillation about 5 per cent of the lactone of 3 ,5-diketohexanoir 
acid decomposes, yielding acetylacetone. The total ketone and acetylace- 
tone values were corrected by subtracting this value which was always 
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quite small. In contrast to the stable lactone, the free 3.5-diketo acid 
could be quantitatively accounted tor as acetylacetone on acid distillation. 
No diketo acid or acetvlacetone was found in the residue of the distilla- 
thon flush and the distillate Vielded no carbon dioxide when tested by the 
aniline citrate procedure. 

Acetone was determined by the method of Greenberg and Lester (14) 
The colorimetric readings were made at 440 mg. Under these conditions 
acetvlacetone gives about 8 per cent as much color as does acetone. The 
values were therefore corrected according to the concentration of acetyl. 
acetone determined as described above. Total ketone was determined 
by the method of Behre (15), in which acetylacetone and acetone give 
equivalent amounts of color. Acetone values obtained by subtracting 
acetvlacetone from total ketone values agreed closely with those obtained 
by the procedure of Greenberg and Lester, except in cases in which small 
amounts of acetone were determined. 


Results 


Degradation of 3 ,.5-Diketohexanoie Acid Lactone by Liver and Kidney 
Homogena!es 


The data given in Fig. 2 summarize the chemical and spectrophotomet- 
ric data obtained when the é-lactone of 3 ,5-diketohexanoic acid was incu- 
bated with rat liver homogenates at pH 5.5 and 7.2. At pH 7.2 no evi- 
dence of an intermediate was obtained. The absorption in acid at 285 
mg (D-Ac (285)) and in alkali at 205 my (D-Alk (295)) decreased progres- 
sively with time, and no acetylacetone was found in the distillates. At 
pH 5.5, however, a more rapid decrease in D-Ac (285) occurred, and a 
sharp rise in D-Alk (205) was observed initially, followed by a gradual de- 
crease over a period of 3 hours. The formation of acetylacetone followed 
a similar pattern. With kidney homogenates (Fig. 3) the disappearance 
of the absorption in acid at 285 my was faster than with liver at pll 5.5 
and the absorption of the intermediate was high, indicating a slower rate 
of disappearance than with liver. At pH 7.1 the D-Alk (295) and acetyl- 
acetone values were almost equal to those observed with liver incubated 
at pli 5.5. At pH 5.5 kidney homogenates destroyed the lactone rapidly 
and the intermediate slowly, leading to an accumulation of intermediate 
as indicated by high values of D-Alk (295) and acetylacetone. Since the 
absorption in alkali at 205 my is due to the lactone as well as the inter- 
mediate, an attempt was made to correct the observed D-Alk (295) values 
by subtracting the absorption due to the lactone. The latter value was 
obtained by assuming that the change in D-Ac (285) for a given time inter- 
val divided by the total density change represented the fraction of lactone 
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destroyed. Thus the value to be subtracted from the observed D-Alk 
(295) value was obtained by multiplying the fraction of lactone destroyed 
by the initial D-Alk (295) value. (The true correction is actually some- 
what smaller than this value, since, as will be described below, free 3,5. 


Fic. 2. Incubation of 3,5-diketohexanoic acid lactone with liver homogenate at 
pH 5.45 and 7.2. Equal volumes of homogenate and 0.025 w lactone in 0.13 u phos. 
phate buffer were mixed and aliquots removed at the indicated intervals for chem. 
ical and spectrophotometric analysis. Curve a, absorption in acid at 285 my; Curve 
b, absorption in alkali at 295 my; Curve c, absorption in alkali at 295 my (corrected as 
described in the text); Curve d, acetylacetone by colorimetric method (O) and 
ultraviolet absorption (@); Curve ¢, acetone (total ketone minus acetylacetone). 
Ketone values expressed as micromoles per 0.8 cc. of reaction mixture © 10 gm of 
initial substrate. 
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Fic. 3. Incubation of 3,5-diketohexanoic acid lactone with kidney homogenate at 
pH 5.5 and7.1. Curves designated as in Fig. 2. 


diketohexanoic acid has a small absorption in acid at 285 mg.) As shown 
in Figs. 2 and 3, the shapes of the curves for acetylacetone and corrected 
D-Alk (295) are quite similar. The ratio of acetylacetone to corrected 
D-Alk (295) was close to 0.4 in all of these experiments. 

The final result in all four experiments was the formation of 7 to § 
um of acetone from 10 ym of lactone. Similar results were obtained an- 
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Alk aerobically and in a few experiments with rats fasted for3 to4 days. Con- 
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version to 8-hydroxybutyric acid was ruled out by analyses according to 
the procedure of Van Slyke (16). Recovery experiments in which 5 um 
of acetoacetate were incubated with liver and kidney homogenates under 
similar conditions revealed that 0.3 to 0.9 ym of acetoacetate disappeared 
in | hour as determined by the Behre and Van Slyke procedures. This 
small but definite destruction of acetoacetate by liver and kidney homo- 
genates did not occur with boiled homogenates. 

In another series of experiments with liver and kidney homogenates at 
pH 5.5, the pH of the incubated mixture was adjusted to values between 
6.5 and 8.0 when the D-Alk (295) value was maximal. The subsequent 
rate of decrease of ))-Alk (295) was most rapid at about pH 7. 

The degradation of the lactone by kidney homogenate at pH 5.5 was 
also followed by the aniline citrate method. The liberation of carbon di- 
oxide paralleled the total ketone values (Table I). Since in the early part 
of the reaction most of the ketone formed may be accounted for as acetyl- 
acetone, these findings suggested that the intermediate compound under- 
went decarboxylation catalyzed by aniline citrate. 


Studies on 3 .5-Diketohexanoic Acid 


The 3 ,5-diketo acid was found to exhibit ultraviolet absorption maxima 
at 205 and 275 my in alkali and acid, respectively (Fig. 1). The corre- 
sponding molar extinction coefficients were 23,000 and 3010. Incubation 
of this compound with homogenates of liver and kidney resulted in a pro- 
gressive decrease of absorption at all wave-lengths. Under the conditions 
employed the initial density was 1.15 in alkali at 295 my. The final den- 
sity value was 0.035, indicating a very low absorption of the products of 
the reaction. Activity values were obtained from the change in D-Alk 
(295) for a given time interval divided by the total change. Distillates of 
aliquots of the incubated mixtures were analyzed for acetylacetone and 
acetone. Good agreement was obtained between the disappearance of 
acetylacetone in the distillates and the decrease in D-Alk (295). Ap- 
proximately | mole of acetone was formed per mole of substrate destroyed 
(Table II). The rate of the reaction was linear throughout the first 80 
per cent of its course. Previous experiments indicated that the pH opti- 
mum for the disappearance of the intermediate compound in the metabo- 
lism of the lactone was about 7. The optimal pH for the disappearance 
of 3,5-diketohexanoic acid was found to be at about 7 to 7.3 (Fig. 4). 
The relationship between activity and homogenate concentration is linear 
over the concentration range studied (Fig. 5). Homogenates of brain, 
spleen, pancreas, and muscle were incubated with 3 ,5-diketohexanoic acid 
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at pH 7.3. No change in the absorption curve of the diketo acid was ob. | Th 
served after 75 minutes of incubation. | 


ast 
Calculation of Lactonase Actirtty itv 
As noted above, the observed D-Ac (285) values are slightly greater = 
than the true absorption of the lactone, due to the small absorption of - 
Tarte 
Relation between Ketone Formation and Carbon Dioride Liberation ty ord 
Aniline Citrate 
Data obtained with kidney homogenate incubated at pH 5.5. Valuce expressed 
as micromoles per 0.8 cc. of mixture © 10 gm of initial substrate 
Time Acetylacetone Total ketone Carbon dioxide 
nie. 
6 2.04 2.12 2.25 
wv 4.40 5.45 5.04 
35 5.86 7.95 7.41 
Tansee Il 
Hydrolysis of 3,5-Diketohezranoic Acid by Liver and Kidney Homogenates 
Data obtained with | cc. of homogenate and | cc. of 0.025 M substrate in phosphate 
buffer at pH 7.3. 
Time Acetylacetone Acetone dike 
- text 
Liver 10 4.90 4.00 
wv 10.5 15.3 9.71 hom 
30 14.5 9.71 15.2 hexa 
45 22.8 75 21 gens 
24.4 1.03 22.4 0) 
Kidney w 7.17 17.9 6.30 
14.4 11.3 15.2 
my 21.6 3.68 18.3 the 
120 23.2 2.50 21.1 
pH 
hon 


3,5-dliketohexanoic acid at 285 my in acid. However, the concentration | bet 
of 3,5-diketohexanoic acid at any point may be obtained from the con 4, 5 
centration of acetylacetone. Thus the absorption due to the diketo acid i 
at 285 ma may be obtained from the following equation, where AA isthe, 
concentration of acetylacetone in moles per 10 ce. of the incubated mx yy , 
ture and 2580 is the molar extinction coefficient of the diketo acid at 28 yy, 
my in acid: 


D = AA X 2580 ut} 
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5 | This correction was small at pH 6.3 with liver homogenates and increased 
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asthe pH of incubation was decreased. This is illustrated by the pH-activ- 
ity curve for the disappearance of the lactone (Fig. 4), in which both the 
observed and corrected AD values are given. The pll optimum was at 


5.9 to 6.3 for both liver and kidney homogenates. 


When the D-Ac (285) values given in Figs. 2 and 3 were corrected as de- 
«ribed above, the disappearance of the lactone was found to follow a first 
order reaction. ‘The rate constants for liver homogenates, calculated from 
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Fic. 4. pHl-activity curves for the disappearance of the lactone (@) and free 3,5- 
liketohexanvic acid (©). X represents values of AD corrected as described in the 
‘ext. Values expressed as change in absorption in acid at 285 my and absorption in 
kali at 205 my for the lactone and free acid, respectively, in 15 minutes. 

Fis. 5. Effect of homogenate dilution on activity. Abscissa, per cent of initial 
homogenate concentration. Ordinate (right-hand), disappearance of 3,5-diketo- 
yexanoic acid (X) in terms of micromoles per cc. of homogenate or diluted homo- 
genate per 20 minutes at pll7.3. Ordinate (left-hand), disappearance of the lactone 
©) expressed in terms of the rate constant, &, determined at pH 6.3. 


the equation / = / ¢ log 100/100 — x, where / is expressed in minutes and 
r represents the per cent substrate destroyed, were 0.0122 and 0.00459 at 
pH 5.5 and 7.2, respectively. The corresponding constants for kidney 
homogenates were 0.0224 and 0.00581, at pH 5.5 and 7.1. The relation 
between liver homogenate concentration and activity at pH 6.3 is given 
in Fig. 5. 

Homogenates of muscle, brain, pancreas, spleen, testis, and stomach 
were incubated with the lactone at pH 6.3. After 2 hours the absorption 
of the substrate decreased only 3 to 5 per cent, except in the case of brain 
where 10 to 15 per cent of the absorption disappeared. 

Liver and kidney homogenates were incubated with dehydroacetic acid 
at pH6.3. This compound has ultraviolet absorption maxima at 290 and 
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305 my in alkali and acid, respectively, with corresponding molar extinge. 
tion coefficients of 9700 and 13,800. No devrrease in absorption was 
observed after incubation for 140 minutes. 


Separation of Two Enzymatic Activities 


By means of high speed centrifugation a fairly good separation of the 
lactonase from the enzyme acting upon the diketo acid was obtained, As 
shown in Table III, about 70 per cent of the lactonase activity was found 
in the pellet, while about 85 per cent of the diketo acid enzyme remaine} 
in the clear supernatant. An 8-fold purification of the latter enzyme was 
obtained as follows: Alcohol was added to the supernatant at —5° toa 


final concentration of 20 per cent. After standing at —5° for 12 hours, 


Ill 
Separation of Lactonase from Enzyme Hydrolyzing Free 3,6-Diketoheranove Acid 
10 ce. of liver homogenate were centrifuged at 18,000g at 5° for 2 hours. The 
pellet was suspended in 10 cc. of water. Hydrolysis of 3,5-diketohexanoic acid 
expressed as the total micromoles of substrate destroyed in 20 minis for each frac 
tion. The first order constants for the disappearance of the lactone were multiplied 
by the volume (cc.) of each fraction. 


Experiment No. Substrate Original homogenate Pellet Supernatant 
l Diketo acid 5.16 88.6 
Lactone 0.185 0.133 0.036 
2 Diketo acid 101.0 23.2 S1.0 


Lactone 0.179 0.128 0.039 


the precipitate was removed by centrifugation at —5°, and the alcohol 
concentration increased to 50 per cent. The mixture was allowed to stand 
at —20° for 12 hours and the precipitate was collected by centrifugation 
and was dissolved in cold water. The activity values for the initial ho- 
mogenate and partially purified preparation were 0.76 and 6.2 uM of 


diketo acid hydrolyzed per mg. of nitrogen per 20 minutes. This prepara- — 


tion was not active against the lactone and yielded 1 mole of acetone per 
mole of diketo acid metabolized. The acetone formed was identified by 


isolation as the 2,4-dinitrophenylhydrazone. After a single reerystalliza- 


tion from water the melting point was 127° (uncorrected) and a mixed 
melting point with an authentic sample of acetonedinitrophenylhydrazone 
was 127° (uncorrected). 


Experiments with larger amounts of substrate were carried out in an | 


attempt to demonstrate significant amounts of volatile acid in the distil- 


lates. The following procedure was employed: 262 um of 3 ,5-diketohex- 


anoic acid were incubated at pH 7.3 with 8 cc. of the supernatant obtained 
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by high speed centrifugation. The ultraviolet absorption, acetone, and 
volatile acid formed (17) were determined after 30 minutes of incubation. 
The values of substrate disappearance, acetone, and volatile acid were 
120, 118, and 105 uM, respectively. It is assumed, although not proved, 
that this acid is acetic acid. 

DISCUSSION 


The present results indicate that the metabolism of the 6-lactone of 
3 ,5-diketohexanoic acid involves a two-step enzymatic mechanism whereby 
the lactone is first opened to yield 3,5-diketohexanoic acid, as shown in 
the accompanying diagram. The evidence is compatible with the hy- 


CH 
™% 
CH,CCH;CCH:COOH 
CH; | | 
| 


pothesis that the latter compound is hydrolyzed to acetoacetic and acetic 
acids. 


O 


The finding of more than 1 mole of acetoacetate formed per mole of 
lactone metabolized (1) has not been confirmed for rat liver homogenates.’ 
In contrast to the kidney of the cat, reported to be inactive towards the 
lactone, rat kidney homogenates exhibit considerable lactonase activity. 
The present studies indicate that 3,5-diketohexanoic acid is hydrolyzed 
by an enzyme not associated with the sedimentable fraction of rat liver. 
This is of interest in view of the fact that Lehninger’s fatty acid oxidase 
system is apparently found in the sedimentable fraction (18, 19) and sug- 
gests that fatty acid oxidation in this system may not necessarily go 


' Breusch and Ulusoy found that the molar ratio of acetone formation (determined 
by precipitation with 2,4-dinitrophenylhydrazine) to lactone disappearance was 
129. However, the values for “‘acetone’’ by their colorimetric procedure were about 
1.7 times greater than those obtained by precipitation. In the light of the present 
findings it seems probable that the extra color formation was due to acetylacetone 
and is compatible with the formation of significant amounts of free 3,5-diketohexa- 
noice acid. The presence of 3,5-diketohexanoic acid would, of course, complicate 
calculation of the ratio of acetoacetate formation to diketo acid breakdown. 
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through a diketo acid stage.2 Further studies are necessary to elucidate 
the metabolic significance of this enzyme as well as that of the lactonase. 
The latter enzyme does not act upon dehydroacetic acid under conditions 
in which the lactone of 3,5-diketohexanoic acid is rapidly metabolized. 

The hydrolysis of 3,5-diketohexanoic acid to acetoacetic and acetic 
acids appears to be analogous to the hydrolysis of 2,4-diketo acids which 
yields pyruvie and fatty acids in that both reactions involve hydrolysis 
of a C-acyl group (3). Furthermore, both activities remain in the super- 
natant after high speed centrifugation of liver homogenates. ‘The possi- 
bility that the same enzyme hydrolyzes 2,4-diketo and 3 ,5-diketo acids 
must be considered. Work along these lines is in progress. 


[t is a pleasure to thank Dr. Jesse P. Greenstein for his valuable advice. 


SUMMARY 


Aqueous homogenates of rat liver and kidney catalyze the hydrolysis of 
the 6-lactone of 3 ,5-diketohexanoic acid, yielding free 3 ,5-diketohexanoie 
acid. This reaction occurs more rapidly in kidney than in liver and has 
a pH optimum at 5.9 to 6.3. Neither liver nor kidney metabolizes de- 
hydroacetic acid. Free 3,5-diketohexanoic acid is hydrolyzed by kidney 
and liver homogenates to yield 1 mole each of acetoacetic acid and a vol- 
atile acid, probably acetic acid. This reaction is faster in liver and has 
a pH optimum at 7 to 7.3. The two enzymes have been separated by 
high speed centrifugation of liver homogenate. The lactonase is associated 
with the pellet, while the enzyme hydrolyzing 3,5-diketohexanoic acid 
remains in the supernatant. A partially purified enzyme preparation 
possessing activity only towards the diketo acid has been prepared from 
rat liver. 

A spectrophotometric procedure based upon the high ultraviolet ab- 
sorption of polyketo acids was employed in the course of these studies. A 
simple colorimetric method for the determination of acetylacetone was de- 
scribed. 


Addendum—After this paper was submitted, a very interesting report on the me- 
tabolism of triacetic acid by Witter and Stotz appeared (20). The results of this 
study and the present data are in essential agreement with respect to the metabolism 
of triacetic acid. These workers reported that triacetic acid lactone was metabo- 

?Under conditions in which n-hexanoic, 8-ketohexanoic, and 2,4-hexadienoic 
acids were oxidized rapidly by a sedimentable fraction of rat liver fortified as de- 
scribed by Lehninger, both 2,4- and 3,5-diketohexanoic acids were metabolized at 
negligible rates. This suggests that these polyketo acids as such are not interme- 
diates in the oxidation of n-hexanoic acid in this system, but are probably involved 
in other metabolic pathways. 
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lized by rat liver at about one-eighth the rate of the free acid. The present studies 
indicate that under optimal conditions the lactone and free acid are metabolized at 
rates of about the same order of magnitude by liver and that the lactone is metabo- 
lized more rapidly than the free acid by kidney. The difference between the present 
results and those of Witter and Stotz may be due to the fact that the pH optima for 
the metabolism of the free acid and of the lactone are markedly different (cf. Fig. 4 
of the present communication). 
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THE 8-CARBOXYLASES OF PLANTS 


Il. THE DISTRIBUTION OF OXALACETIC CARBOXYLASE IN PLANT 
TISSUES* 


By BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, November 9, 1948) 


In a previous survey of the possible occurrence of oxalacetic (OAA) 
carboxylases in plant tissues, detection of the enzyme was found to be 
complicated by the wide-spread distribution of pyruvic carboxylase, and 
by the ubiquitous presence of heat-stable catalysts for the decarboxylation 
of the B-keto acid. Direct demonstration of a heat-labile, B-(de)carboxyl- 
ase (OAA carboxylase) distinct from an a-(de)carboxylase (pyruvic car- 
boxylase) was, however,:achieved in the case of parsley root and of the 
crystalline globulins of squash and pumpkin seeds (1). Indirect evidence 
was presented at the same time for the presence of OAA carboxylase in 
a number of other plant sources (parsnip, radish, carrot, and cabbage). 

The OAA carboxylase of parsley root has subsequently been studied in 
some detail (2, 3). This enzyme catalyzes the Wood-Werkman reaction. 


Oxalacetate — pyruvate + CO 


Because this reaction appears to be a main step in the interconversion of 
carbohydrate and the biologically important dicarboxylic acids, it appeared 
profitable to reexamine the question of the distribution of similar enzymes 
in other plant sources. 

This paper will summarize the evidence that OAA carboxylase is present 
in roots, tubers, leaves, and seeds of a wide variety of plant species. 


Materials and Methods 


Preparation of Materials for Testing‘—The plant materials were bought 
on the market. All plant tissues were thoroughly cleaned and ground as 
previously described (1), except in the case of wheat germ, which was 
available as a powder. The dry legumes were soaked overnight before 
grinding. 4 volumes of water or of 0.025 m phosphate buffer, pH 7.4, 
were stirred for } hour with the wheat germ and with the ground seeds; 
otherwise no water was added. In all cases coarse solids were removed 


* This work was supported in part by a grant from the Wallace C. and Clara A. 


Abbott Memorial Fund of the University of Chicago. 
' The author is indebted to Dr. J. Ceithaml for the information which led to the 
use of ammonium sulfate precipitates in the procedures described. 
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by straining the extract or plant juice through cloth, sometimes with the 
aid of a fruit press. Operations were carried out at room temperature, 
but the fresh extracts were kept in an ice bath, and it seemed advantageous 
(though not always necessary) to conduct the centrifugations in a cold 
room (—4°). The press-juice or extract was then made approximately one- 
third saturated with ammonium sulfate, either by addition of 0.5 volume 
of saturated ammonium sulfate (neutralized with NH,OH) or by direct 
addition of 25 gm. of solid ammonium sulfate per 100 ml. The first pro- 
cedure was generally employed. The second procedure was used in only 
a few cases, but seemed to give equally satisfactory results. The first pre- 
cipitate was removed by centrifugation and discarded. If a fat layer ap- 
peared, it was strained off through glass wool. In almost every case, any 
pyruvic carboxylase activity and any oxygen consumption which might 
be exhibited by the original juice were inactivated or removed by this pre- 
cipitation. The oxalacetic carboxylase activity remaining in solution was 
then precipitated either by addition of an equal volume of saturated, neu- 
tralized ammonium sulfate or by direct addition of 25 gm. of solid ammo- 
nium sulfate per 100 ml. The precipitate was centrifuged and taken up 
in a minimum volume of 0.025 m phosphate buffer, pH 7.4, and dialyzed 
against the same buffer at 4° until free from ammonium sulfate. The pro- 
tein solution thus obtained was examined for OAA carboxylase activity. 
A considerable amount of insoluble material was usually suspended in this _ 
final solution. The precipitate could sometimes only be removed by high 
speed centrifugation (18,000 x g, Servall angle head, at 0°). Such clearing 
of the solution was not necessary for the assay, but was carried out in order 
to obtain a determination of the dry weight of soluble protein present. 
No activity was ever found associated with the insoluble material. Dry 
weights were obtained by drying in an oven at 110°, and were corrected 
for the known buffer content of the solution. 

Test Procedure—The procedure employed for demonstration of the en- | 
zyme was identical with that previously devised for the assay of OAA | 
carboxylase in parsley root, and has been described in detail (3). It can — 
be used only with preparations free from pyruvic carboxylase activity. 
The rate of CO, evolution from OAA added to enzyme is measured by the 
usual Warburg manometric technique at 30°. The medium contains 0.1 ™ 
acetate buffer, pH 5.0, and 0.01 a MnCl. In the absence of added Mn**, 
virtually no heat-labile activity was observed in the dialyzed plant prepara- — 
tions. The decarboxylation shows first order kinetics with respect to sub- — 
strate. This has been true, at least as a first approximation, in the case — 
of all the plant enzymes hitherto tested. The velocity of the decarboxyla- | 
tion is therefore expressed as a first order reaction rate constant, /, 
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where (OAA,;) and (OAA,) are the OAA concentrations at times ¢t; and 
f; (in minutes). Mn** ions alone, in the absence of enzyme, also exhibit 
a catalytic effect on the decarboxylation of OAA (3, 4), and this “blank”’ 
decarboxylation likewise shows first order kineties with respect to sub- 
strate. Heat-inactivated enzyme may cause a small change in this velocity 
constant, and blanks were therefore always determined in the presence of 
heat-inactivated enzyme. The difference between the rate constant, k, 
observed in the presence of active enzyme and the blank rate constant, 
blank, may then serve as a measure of the amount of enzyme present. 
Under the conditions employed, the blank reaction rate constant was usu- 
ally about 0.08 min.~'. It is necessary to employ sufficient protein in each 
case so that the difference between rate constants of the unheated sample 
and of the blank is well outside the limits of experimental error? Previous 
failure to demonstrate OAA carboxylase in press-juice from sources such 
as spinach, which showed no pyruvie carboxylase activity, was due to the 
fact that the differences often observed between CO, evolution rates in the 
presence of unheated and heated press-juice were regarded as too small to 
be positively indicative of the presence of the enzyme. In the results re- 
ported in this paper, a minimum difference in rate constants of 40 per cent 
of the higher figure was achieved in every instance. <A few determinations 
of the presence of oxalosuccinic carboxylase were likewise carried out under 
conditions used to demonstrate this enzyme in parsley root (5). 


RESULTS AND DISCUSSION 


All plant extracts were routinely examined for OAA carboxylase before 
precipitation with ammonium sulfate. Since these results often gave no 
clear cut information, they will not be summarized. A considerable body 
of data of this type has already been published (1). However, typical data 
obtained with a crude undialyzed wheat germ extract, which was not pre- 
viously examined, are given in Table I. These may serve as an example 
of the manner in which pyruvic carboxylase interferes with the assay for 
OAA carboxylase. 

The figures for Vessels 1 and 2 show that the rate of CO, evolution from 
OAA is considerably lower in the presence of a heat-inactivated extract 
than in the presence of unheated extract. It is further apparent (Vessels 


3 and 4) that this difference is enhanced in the presence of added MnCl. 


* The success of the procedure often depends mainly on the observation of this 
requirement, hence the necessity in most cases of achieving a protein concentrate 
from the plant press-juice. 
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Taste 
Action of Crude Wheat Germ Extract on Oxralacetate and Pyruvate 


COs evolution 


Vessel 7 
No. Additions 10 1s | 
min. | min. min. min. min. | mi 
1 180 gl. oxalacetic acid 31, @ 113 152 | 238 
2 Like (1), but enzyme heat-inactivated Di 
3 180 wl. oxalacetic acid, 0.01 MocCl, 140 230 324 356 362 | 364 
4 | Like (3), but enzyme heat-inactivated if | 38 74!) 122) 14 
5 224 wl. pyruvate* 38 OSS | 165 | 212 | 222 | 22 


All vessels contain | ml. of wheat germ extract (made by extracting l part of wheat 
germ with 4 parts of 0.02 4 phosphate, p!l7.4). Total volume 2 ml., made up to con- 
tain 0.1 w acetate buffer, pH 5.0. All values corrected for small blanks. 

* Pyruvic carboxylase is completely inactivated by heating. 


Taste Il 
Activity of Crude Ozalacetic Carborylases Prepared from Various Plant Sources 


Vol- 


dlank ume 
| 
Umbelliferae Petroaclinum hortense Parsley root 0.060 2 
 Hoffm. 
Pestinaca sativa L.. Parsnip 0.040 2 
Daucus carota Carrot “ 0.026 6 
Cruciferae Brassica oleracea var. Cabbage head 0.015 10 
capitata 
| Brassica oleracea var. Cauliflower 0.009 » 
botrytis 
| Raphanus sativus L Red radish root 0.037 | 
Chenopodiaceae Spinacia oleracea Spinach leaf 0.009 
Beta vulgaris var. crasea Beet root 0.082 5 
Alef. 
Leguminosae Ervum lens Lentil seeds 0.002 a 
Pisum sativum (reen peas* » 
Solanaceae Solanum tubcrosum White potato tubers 0.005 » 
Cucurbitaceae Cucurbita pepo Pumpkin seeds t 005 
Cucumis sativus Cucumber pulp (paren. 0.043 
chyma of mesocarp) 


Gramineae Triticum sativum Wheat germ 0.029 l 


All preparations are protein fractions which precipitate at between about one- 
third and two-thirds saturation with (NH,),S80,. 

* Vaughan's Laxton's progress peas. 

t Vaughan's small sugar pie pumpkin. 
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The presence of pyruvic carboxylase is shown in Vessel 5. 2 moles of CO, 
are therefore released for each mole of OAA added if the reaction is allowed 
to proceed to completion, as is the case in Vessel 3. Since the rates of CO, 
evolution in Vessels 1 and 3 are more than twice as great as those in Vessels 
2 and 4 respectively, it is apparent that the heat-labile factor attacks OAA 
directly (7.e., the CO, evolution from OAA in the presence of unheated 
enzyme cannot be attributed to the non-enzymic decarboxylation of OAA, 
followed by the decarboxylation of pyruvate by pyruvic carboxylase (1)). 
However, one cannot conclude from such data whether pyruvic carboxylase 
itself is the enzyme which attacks OAA. It is also impossible to get an 
accurate measure of the rate of decarboxylation of OAA to pyruvate, since 
the further decarboxylation of pyruvate occurs simultaneously. 

When the wheat germ extract was subjected to the simple fractionation 
procedure described, a preparation was obtained which contained OAA 
carboxylase completely free from pyruvic carboxylase. Since it has been 
possible to achieve such a separation in the case of every plant source 
examined in which the two enzymes were initially found to be associated, 
one may conclude that the a-(de)carboxylase and the 8-(de)carboxylase 
are distinct and specific enzymes. 

Typical figures for the OAA carboxylase content of protein preparations 
from fourteen different plant sources are given in Table II. The results 
are expressed as the quantity of enzyme per mg. of dry weight of the prep- 
aration (k — k blank per mg. of dry weight). Since preparations from the 
several sources vary considerably in activity, it is apparent that different 
amounts of protein were required to achieve optimal test conditions in the 
various cases. Sufficient protein was used to make the uncorrected k 
value about 0.16 min.~', or twice the value of the blank. On the other 
hand, uncorrected & values which approached 1 min.~ were avoided, since 
the reaction was then too rapid for accurate measurement. As a guide to 
4 preliminary approximation of the amount of enzyme to employ in the 
test a “volume concentration factor” for each preparation has been given 
in the last column of Table II. This is simply the approximate ratio of the 
initial volume of the plant juice or extract to the final volume of the dialyzed 
test solution, after appropriate dilution has been made so that 1 ml. is 
4 suitable amount for assay. It may be noted that no volume concentra- 
tion of the wheat germ extract and little concentration of parsnip and pars- 
ley root were required. In most of the other cases considerable, though 
varying, degrees of concentration were employed. When the protein pre- 
cipitates were bulky, it was sometimes necessary to reprecipitate the protein 
with (NH,):SO, in order to achieve the necessary volume concentration. 
This was usually necessary with spinach, cauliflower, legumes, and potatoes. 

Most of the preparations listed in Table II contained pyruvic carboxylase 
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in the initial juice or extract. The exceptions were spinach, potato, and | 
beets. 

Special mention may be made of the results with pumpkin seeds. These 
seeds are a rich source of the easily crystallizable cucurbit globulins, which 
exhibit a heat-labile OAA carboxylase activity (1) not activated by divalent 
cations. In order to exclude this protein, the preparation was dialyzed 
thoroughly against water and centrifuged until clear. The solution so ob. 
tained was then subjected to a repetition of the ammonium sulfate precipi. 
tation, the precipitate being dissolved in a minimum volume. Ammonium 
sulfate was removed by the usual dialysis against phosphate, and the 
svlution was then dialyzed again against water for 24 hours. After 
removal of the globulins by centrifugation, this final solution was virtually 
free of any OAA carboxylase activity in the absence of added divalent 
cations. The Mn**-activated enzyme, which could readily be demon. 
strated, is apparently quite different from the globulin, but similar to the 
OAA carboxylases found in the other sources shown in Table II. 

The figures given in Table II are merely representative. Various prep- 
arations from the same source differ considerably among themselves, 10. 
per cent variation being not unusual. This is hardly surprising, since no 
attempt was made to control or even to get information on the previous 
history of the sources. One apparently inactive preparation was ob- 
tained from spinach, potato, and cauliflower respectively. In each of these 
cases three out of four preparations were active. The comparative values 
of the activity from various sources have a rough validity, as far as indi- 
cating the efficacy with which OAA carboxylase can be obtained in demon- 
strable form. It should be indicated, however, that the ammonium sulfate 
precipitation procedure employed was chosen for its convenience and may 
not represent the best procedure for even the first precipitation of the 
enzyme. In the case of parsley root and wheat germ this is already known 
not to be the case. 

Of the sources examined, wheat germ, parsley root, and parsnip contained — 
the enzyme most abundantly. Of these, wheat germ appears to be the — 
most convenient source, because of its availability as a dry powder. 
Radishes, carrots, cucumber pulp, and beets are also good sources. Leg | 
umes, potatoes, spinach, cabbage, and cauliflower are relatively poor 
sources. Of the fourteen vegetables examined, which included representa- 
tives of seven families, OAA carboxylase was found in every case. It seems 
highly probable that a large number of other plant OAA carboxylases could 
be found on further examination, at least among related species. Among © 
the fruits (apples, grapefruit, and bananas) findings have hitherto been | 
uniformly negative, but this may be due to inadequacy of procedure and 
not to absence of the enzyme. 
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It seems significant that the enzyme is present in a variety of plant 
organs (roots, tubers, leaves, and seeds), and its occurrence therefore 
does not seem limited to any particular structure. This wide distribu- 
tion of OAA carboxylase in different plant species and organs may well 
be indicative of the wide-spread occurrence of the Wood-Werkman 
reaction in the tissues of higher plants. 

A number of preliminary tests were run on the preparations described in 
this paper, to detect enzymes possibly related to OAA carboxylase. To 
date, it has been found that oxalosuccinic carboxylase is present in wheat 
germ, beets, and peas as well as in parsley root, where it was previously 
demonstrated. The occurrence of a malic dehydrogenase active with 
TPN has been reported for parsley root (3), and further observations on 
the distribution of this enzyme will appear in another communication. 

SUMMARY 


A procedure has been described for detecting the presence of oxalacetic 
carboxylase in plant sources. The enzyme has been found in thirteen 
different species of higher plants. It has been obtained from roots, tubers, 
leaves, and seeds. (n the basis of these findings it is concluded that OAA 
carboxylase has a wide distribution in the tissue of higher plants. 


The author is indebted to Dr. T. R. Hogness for permission to use facili- 
ties made possible by a grant from the Rockefeller Foundation. 
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THE RELATION TO AGE AND FUNCTION OF REGIONAL 
VARIATIONS IN NITROGEN AND ASH CONTENT 
OF BOVINE BONES 
Br LOUIS J. STROBINO,* ano LEE E. FARR 


(From the Alfred 1. du Pont Institute of the Nemours Foundation, 
Wilmington, Delaware) 


(Reeeived for publication, November 15, 1948) 


The present study was undertaken to determine some of the causes of 
variations noted in nitrogen content of bone specimens from humans of 
various ages who presumably had no disease of the skeletal system. The 
inorganic constituents of bone have been extensively investigated, but, 
with very few exceptions (1-4), since the early years of this century there 
have been no references in the literature to the nitrogen content of bone. 
It was of interest to us to determine whether analysis of a single specimen 
of bone would yield information regarding the skeletal system in general 
or whether each bone might have a characteristic ratio of ash to nitrogen. 

Source of Materiale-—Preliminary work indicated that large bones were 
necessary to supply samples of the needed size. Beef bones were there- 
fore selected for this work and were obtained from local abattoirs. 

Preparation of Samplea—Fresh bones were thoroughly cleaned with a 
knife by scraping off all muscle, fat, periosteum, and fibrous and other 
adherent tissues, and stored in a refrigerator. Before removing portions 
for analysis, the surface of the bone was further cleaned by scraping, until 
it presented a uniform and polished surface. All cancellous bone and 
endosteal tissue were chiseled off the inner surface of each sample. With 
asurgical power saw of the Albee type, small cubes of bone weighing about 

— 100 mg. and approximately 3 mm. on an edge were cut from the full thick- 

tess of the cortex. In areas of thin cortex, dimensions were altered to 
provide samples of about 100 mg. in weight, which were found suitable for 
either ash or nitrogen determinations of requisite accuracy. Care was 
taken to avoid burning the edges of the samples while cutting, but when 
this did occur, all burned edges were removed with a dental burr. The 
cubes were partially dried over calcium chloride in an evacuated desiccator 
for 24 hours at room temperature. This preliminary drying was found 

_ ‘Recessary; otherwise a gelatinous surface formed on the bone cubes when 

_ they were placed in the 105° oven. After this preliminary drying, dehy- 

_ dration was completed at 105° for 3 days (72 hours) at atmospheric pres- 

| sure; the dried samples were stored in vacuo over calcium chloride. This 


* National Research Council Fellow in Orthopedics 


NITROGEN AND (SH IN BOVINE BONES 


drying procedure was very satisfactory for the size of the samples chosen. 
at 105° for 10 days, only 0.5 per cent more weight loss occurred. Samples 
weighing more than 1 gm. were not adequately dried by this procedure 
Bone thus dried is very hygroscopic. 

Chemical Analyses Samples were ashed by heating 12 hours in a muffle 
furnace at 600°. Longer heating at this temperature caused no further 
loss in weight. After cooling to room temperature in a desiccator, the ash 
was determined gravimetrically. Nitrogen content of bone was deter. 
mined by the gasometric micré-Kjeldahl procedure of Van Slyke (5). 


Procedurcs 


The long bones were sampled in various ways until experience indicated 
the most satisfactory method. In what we have termed “block sam- 
pling,”’ areas in the proximal, middle, and distal portions were blocked out 
in sufficient size to provide in each block twenty or more samples for ni- 
trogen analysis and an equal number for ash analysis. For “ring sam- 
pling,” a ring of bone 3 mm. thick was cut at the desired point and then 
subdivided into equal segments about the circumference, so that all the 
samples were of adequate size for analysis. Adjacent rings were used for 
nitrogen and ash determinations. It soon became apparent that the most 
satisfactory method was that which we term “longitudinal strip sampling,” 
in which the bone shaft was cut into longitudinal strips and then subdi- 
vided into suitable samples. Adjacent strips were used for nitrogen and 
ash analyses. “Longitudinal spot sampling” consisted of selecting from 
a longitudinal strip a few areas in which, on the basis of previous experi- 
ence, we should expect to find representative changes in composition of 
the strip as a whole. “Depth sampling” consisted of splitting cortical 
bone at its mid-point into endosteal and periosteal samples. Bony tuber- 
osities were examined by combined depth and ring sampling. When strip 
sampling methods were used, the region of bone from which the strip was 
obtained was carefully noted and appropriately described as anterior, pos- 
terior, medial, or lateral. The position of the sample in relation to the 
two ends of the diaphysis was recorded. When the ring sampling method 
was used, the longitudinal position of the ring was noted as well as the cir- 
cumferential location of the sample used. 

Variation inherent in the error of the methods used, in contrast to varia- 
tion due to differences in composition of the specimens analyzed, was es- 
timated by performing repeated duplicate analyses of homogeneous bone 
powder obtained by sawing the bone with a hacksaw and mixing the saw- 
dust thoroughly. The powder so obtained consisted largely of particles 
between 80 and 100 mesh, with some finer than 100 but none larger than — 
80 mesh. | 
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Steer radii were studied by block, ring, longitudinal, depth, and spot 
sampling procedures. The ulna, humerus, and tibia were studied by longi- 
tudinal and spot sampling methods. Because of local areas of high ni- 
trogen Values that at first seemed irregular in occurrence, the regions of 
insertion of muscles and tendons were investigated by ring and depth sam- 
pling. The tuberosities of the humerus were used to exemplify this con- 
dition. The bones studied were obtained from a 4 week-old calf, one 18 
month- and one 2 year-old steer, a 3 year-old cow, and a 5 year-old bull. 

Spot sampling analyses were made on rib and scapula as representative 
flat bones, and the results were compared with those from long bones. 


Results 


Analyses of cortical bone from the proximal, mid-, and distal region of a 
steer radius by block sampling, in which twenty to forty adjacent sam- 
ples constituted a block, revealed for nitrogen content average values of 
4.14, 4.04, and 4.52 gm. per cent with coefficients of variability of 2.8, 2.8, 
and 2.7 per cent respectively. The ash contents in the same order were 
68.9, 70.5, and 66.6 gm. per cent with coefficients of variability of 2.2, 1.9, 
and 2.3 per cent respectively. Similar duplicate analyses of ten samples 
of mid-region bone powder, well mixed to insure homogeneity, showed 
an average nitrogen content of 3.95 gm. per cent with a coefficient of vari- 
ability of 0.65 per cent, and an average ash content of 70.9 per cent with 
a coefficient of variability of 0.36 per cent. The differences between the 
averages for both nitrogen and ash content of the blocks from the mid- 
region and the distal region were more than 3 times the standard devia- 
tion of each, suggesting that this difference was significant. Subsequent 
studies in which consecutive longitudinal samples were analyzed demon- 
strated that this difference in variability of samples between bone powder 
and bone blocks was due, not to random differences in samples obtained 
from the blocks, but to an orderly change in nitrogen and ash content cor- 
related with longitudinal position, as shown in Table I and Fig. 1. 

Depth sampling of cortical bone from a region free of tuber- 
osities showed a uniformity of composition in depth. For, when blocks 
comprising twenty samples each were further divided into endosteal and 
periosteal bone samples and analyzed, no significant differences were found 
between these two regions within a single block. The average nitrogen 
content was 4.06 gm. per cent for periosteal and 4.00 gm. per cent for 
endosteal bone. For nitrogen the coefficient of variability was 2.2 per 
cent for periosteal and 3.2 per cent for endosteal bone. For ash, the aver- 
age content for periosteal bone was 69.7 gm. per cent and for endosteal 
bone 71.4 gm. per cent, with respective coefficients of variability of 1.7 and 
1.1 per cent. This uniformity of composition in depth of cortical bone 
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was found in all other bone samples analyzed in this fashion when the 
sample did not include a tuberosity or point of insertion of a muscle. 

In Table I are shown representative results of longitudinal sampling 
studies of the anterior and posterior aspects of a steer radius, and the an- 
terior aspect of calf, cow, and bull radii. Analyses in similar fashion are 
shown of the anterior aspect of a steer ulna, the lateral and posterior as- 
pects of a steer humerus, and the anterior aspect of the tibiae of a calf, a 
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Fig. 1. Analyses for nitrogen and ash of the radius and ulna. The locations of 
the strips analyzed are shown by the shaded area in each bone. The data for the 
radius are represented by the solid line, those for the ulna by the broken line. 


cow, and a bull. The pattern of variation of nitrogen and ash content of 
the various diaphyses will be noted to be alike for all the bones. 

Fig. 1 demonstrates the varying ash and nitrogen content of the radius 
and ulna in relation to each other as the bones exist in the animal. It will 
be noted that the region of lowest nitrogen content exists in the same ana- 
tomical cross-section of the extremity but at different longitudinal pro- 
portions of each bone. This relation was observed in each of four pairs 
of radii and ulnae studied. Similar longitudinal variations in nitrogen and 
ash content were found in all long bones studied. 
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In Fig. 2 are shown the nitrogen and ash percentage of various regions 
in the humerus through a tuberosity; again a consistent trend in the re- 
sults is noted. The results of analyses of the scapula are shown in Fig. 3, 
and of the rib in Fig. 4. 
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Fic. 2. Analyses for nitrogen and ash through a tuberosity of the humerus, show- 
ing the increased nitrogen content of the tuberosity as compared with cortical bone 
in near-by areas. 18 month-old steer. 
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Fic. 3. Schematic representation of scapula of cow, showing variations in nitro- 
gen and ash content in different regions of the bone. 


It will be noted that the data in Table I and Fig. 1 show variations in 
both nitrogen and ash content when one region of 1 bone is compared with 
another. A significant difference exists in nitrogen content between a 
region approaching the epiphysis in a young bone and the region contain- 
ing the minimum nitrogen content. Further, as one progresses from this 
region of minimum nitrogen content toward either end of the diaphysis, 
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the nitrogen content increases. The same phenomenon is noted in rela- 
tion to the ash content, except that a maximum ash content is found in 
the region of minimum nitrogen and the percentage of ash decreases as 
one progresses from this point toward either epiphysis. It will be further 
noted that for both ash and nitrogen content the rate of change per cm. 
of diaphyseal shaft varies not only for different bones but also for the same 
bone when growth at the two ends is unequal, as best exemplified by the 
radius. The pattern of change appears to be consistent and relatively 
constant for each bone, and bones of similar growth characteristics have 
similar analytical patterns. The data also indicate that these changes in 
composition extend through the thickness of cortical bone, as shown by 
the identical analytical values for endosteal and periosteal bone. That 


GRams 


Fic. 4. Schematic representation of rib of cow, showing variations in nitrogen and 
ash content in different regions of the bone. 


all bone is not of constant composition in any given region is shown by 
the analyses through the tuberosity of the humerus given in Fig. 2. Ring 
sampling of bone shafts and comparison of strips from longitudinal and 
lateral regions show that, although the circumferential composition is not 
constant at any given ring, the variation longitudinally is of a constant 
pattern. These data together show that bone is unexpectedly complex in 
its structure and an attempt is made to elucidate some of these points in 
the discussion. 


DISCUSSION 


Examination of the analytical results suggests that composition of bone 
bears some reasonably direct relation to the age of the animal. For in the 
4 week-old calf the nitrogen content of a longitudinal strip of the radius 
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was 4.76 gm. per cent, that of the 2 year-old steer 4.38 gm. per cent, that 
of the 3 year-old cow 4.31 gm. per cent, and that of the 5 vear-old bull 
4.12 gm. per cent. The same sequence of decreasing nitrogen content 
with increasing age of the animal was observed in those regions of the radii 
which contained a minimum of nitrogen. Thus the region of minimum 
nitrogen content in the young calf was 4.24 gm. per cent, in the 2 year-old 
steer 3.70 gm. per cent, in the 3 vear-old cow 3.74 gm. per cent, and in the 
5 year-old bull 3.50 gm. per cent. The values for ash content varied in- 
versely with the nitrogen content and also exhibited a similar correlation 
with age of the animal. It is believed for reasons set forth later that com- 
parison of these minimum points is more valid than comparisons of the 
entire strips, particularly when the bone contained open epiphyses. In 
addition to this general relation between the age of animal and bone com- 
position, there can be suggested a reasonable basis for variation within 
single bones which also appears to correlate with the age of the region under 
consideration. 

The long bones such as the radius, humerus, and femur begin ossifying 
from a single center at about the mid-point of the fetal bone. Ossification 
later proceeds also from centers at each epiphysis, which process contin- 
ues during the longitudinal growth of the bone. The rib begins to ossify 
from a center which comes to lie at about the angle of the full grown rib. 
It is of interest in this light to examine the region in which the lowest 
content of nitrogen has been found. For the ribs studied the region of 
minimum nitrogen content was found at about the angle of the rib, an 
excellent correspondence with the region of fetal ossification. Further cor- 
respondence is found by comparing the ulna and its adjacent radius. In 
the fetus the original centers of ossification of the two bones appear to lie 
in the same anatomical cross-section which is in approximately the mid- 
region of each fetal bone. Approximately two-thirds of the increase in 
length of the radius occurs at the distal end and one-third at the proximal 
end; for the ulna the ratio of growth of the distal end to the proximal 
end is approximately 3:2. The epiphyseal centers of ossification are first 
noted distally and some time later proximally, but final union occurs in 
the reverse order, the proximal centers fusing first and the distal centers 
later. Thus in the young adult radius the region containing the original 
fetal center would lie at a distance about one-third the length of the dia- 
physis from the proximal end and in the ulna about four-tenths the length 
of the diaphysis from the proximal end. With both epiphyses closed, the 
bone about the proximal epiphysis would be somewhat older than that 
about the distal epiphysis. The analytical data given show the point of 
minimum nitrogen content of the radius and ulna to lie in the same ana- 
tomical cross-section, and in each bone at about the region which would 


ela- 
1 in 
as 
her 
cm. 
ime 
the 
‘ely 
lave 
in 
by 
‘hat 
n by 
Ring 
and 
s not 
stant 
ex in 
its in 
bone 
n the 


608 NITROGEN AND ASH IN BOVINE BONES 


correspond to the region of the fetal center of ossification. Further the 
nitrogen content about the proximal epiphysis of each bone is less than at 
the distal epiphysis. Again there is seen a corresponding increase with 


Longitudinal growth in a distal direction is the same for ulna and radius. 
It will be noted that both the rate of change of nitrogen content per cm. 


of diaphyseal shaft and the percentage of nitrogen content are almost the 


same for both bones from their distal ends to the regions of minimum ni- 
trogen content. If one progresses proximally from this point, a marked 
difference is noted in the rate of change of nitrogen content for the two 
bones, but if one selects any given point proportionately equidistant from 
the minimum nitrogen region, again the values for nitrogen are found to 
be about the same, although if the mid-point of the respective portion is 
selected, about 20 per cent of the total length of the shaft of the ulna has 
been traversed and but 13 per cent of the length of radius. Whether 
growth proceeds more rapidly or more slowly does not seem to affect sig- 
nificantly the nitrogen content. It would thus appear that if the age of 
the bone observed and the geometric position within the bone from which 
the analytical sample was obtained are taken into account, a valid com- 
parison may be made between bones of different animals, and standards 
set up for comparison need range over a much smaller interval than pre- 
viously reported analyses of nitrogen content of bones would indicate. 

The variation in nitrogen and ash of cortical bone along the shafts of 
long bones we have also found in analyses of human bones. In humans 
also a decreasing nitrogen content was found with increasing age and in 
the eldest subject studied variation in nitrogen content was found to be 
ata minimum. In every instance the human bone studied had a greater 
nitrogen content than did the beef bones, but the pattern of variability 
was similar in the two species. 

If the results of analyses of cortical bone about open epiphyses are 
examined, it will be observed that the nitrogen content is fairly constant 
at approximately 5.3 gm. per cent. This suggests that new bone has a 
reasonably constant nitrogen content. The values given in our data must 
be considered only as an approximation, because there are very consider- 
able technical difficulties encountered in obtaining suitable specimens of 
cortical bone near the epiphysis. Variations in ash content about the 
epiphyses were greater than those observed for nitrogen content. On the 
basis of data available one cannot say whether this is merely a reflection 
of technical difficulties in sampling or whether a greater latitude actually 
exists in mineral content. Further work will have to be done to settle 
this point. 

The change in composition in depth which was observed to occur at tu- 


age. 
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berosities can be explained in at least two ways. It may be that the de- 
creasing ash content of tuberosities reflects a change in composition with 
a change in function, for at this point the bone is not acting as a rigid sup- 
porting mechanism but as a stanchion for the attachment of a tendon. 
The fact that flat bones, in which structural support is minimum but mus- 
cle anchorage Is paramount, have a uniformly slightly higher nitrogen con- 
tent than cortical bone of long bones would support this explanation. On 
the other hand the greater tuberosity arises from a separate center of os- 
sification and the higher nitrogen values encountered here may be merely 
a reflection of its lesser age. Additional data should shed considerable 
light on this question. 


SUMMARY 


1. Analyses for total nitrogen and ash content were made on the cor- 
tical bone of bovine radii, humeri, ulnae, tibiae, scapulae, and ribs. 

2. Nitrogen content was found to be at a maximum at either end of the 
diaphyses and at a minimum at an intermediate point characteristic for 
each bone studied. Ash content varied likewise, but in a reciprocal fash- 
ion. 

3. The rate of increase in nitrogen content from the area of minimum 
nitrogen content to either end was regular, and characteristic for each long 
bone studied. 

4. Nitrogen content of cortical bone decreased with increasing age of 
the animal, while ash content increased. With increasing age of animals 
the composition of bone became more uniform. 

5. Regional variations in nitrogen and ash content within a single bone 
could be correlated with differences in age of the different regions. 

6. The nitrogen content of bone about open epiphyses appeared to ap- 
proach a limiting value. Evidence for a similar limiting value for ash con- 
tent was not clear. 

7. Tuberosities of long bones contain more nitrogen and less ash than 
the endosteal bone at this area and less than cortical bone in adjacent 
areas, where no difference was found in composition between periosteal 
and endosteal bone. 

8. Flat bones show a similar variation in composition. 

9. The significance of the findings is discussed. 
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ESTERIFICATION OF INORGANIC PHOSPHATE COUPLED TO 
ELECTRON TRANSPORT BETWEEN DIHYDRODIPHOSPHO- 
PYRIDINE NUCLEOTIDE AND OXYGEN. I* 


By MORRIS FRIEDKIN{ anno ALBERT L. LEHNINGER 
(From the Departments of Biochemistry and Surgery, University of Chicago, Chicago) 


(Received for publication, November 15, 1948) 


Measurement of the efficiency of aerobic phosphorylation by Ochoa has 
disclosed that at least 2 and possibly 3 molecules of inorganic phosphate 
become esterified during the passage of a pair of electrons from substrate 
to oxygen during the complete oxidation of pyruvate in cat heart extracts 
(2). Thermodynamic analysis of these data (2, 3) predicts that one or 
more of these phosphorylations may occur during the passage of electrons 
from the first electron acceptor (pyridine or flavin nucleotides, ete.) to 
oxygen. Up to the present, a direct demonstration of phosphate esteri- 
fication during the course of electron transport between a primary electron 
acceptor and oxygen has not been reported. 

It would appear that the most obvious approach to such a demonstra- 
tion would lie in the study of electron transport between the pyridine 
nucleotides and oxygen in tissue preparations known to be capable of esteri- 
fying inorganic phosphate during oxidations over the Krebs tricarboxylic 
acid cycle. There are two pyridine nucleotide-linked oxidative steps in 
the Krebs cycle; namely, the oxidation of isocitrate to oxalosuccinate and 
the oxidation of malate to oxalacetate. The other oxidative steps in the 
cycle are less suited for this approach, since the primary electron acceptors 
in these oxidations are not known. 

This problem has been approached by Ochoa (2, 4). Unpublished ex- 
periments quoted by Ochoa (2), in which large amounts of dihydrodi- 
phosphopyridine nucleotide (DDPNH,) were incubated aerobically with cat 
heart extracts supplemented with Mg*t, adenine nucleotide, inorganic 
phosphate, fluoride, and glucose as phosphate acceptor, showed large oxy- 
gen uptakes but no net esterification of phosphate. In addition, Ochoa 
found that the oxidation of isocitrate to oxalosuccinate (a triphosphopyri- 
dine-linked oxidation) also failed to cause esterification of inorganic phos- 


* This investigation was supported by grants from the American Cancer Society 
(recommended by the Committee on Growth of the National Research Council) and 
from Mr. Ben May, Mobile, Alabama. A preliminary report on this investigation 
has been presented (1). 
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phate, although large oxygen uptakes were observed (4). In the latter 
experiment the further oxidation of a-ketoglutarate was prevented by the 
use of arsenite as an inhibitor. 

These failures to observe coupled esterification, if the experimental condi. 
tions were valid, would force the conclusion that the pyridine nucleotide. 
catalyzed oxidations of the Krebs cycle cause no esterification of phosphate 
and that the remaining three oxidative steps of the cycle, namely 


(1) Pyruvate + oxalacetate + [0] — tricarboxylic acid + CO, 
(2) a-Ketoglutarate + [0]! — succinate + CO, 
(3) Succinate + [0)) — fumarate 


must account for all the esterification of phosphate observed during com. 
plete oxidation of pyruvate. As a corollary of this conclusion each of these 
three oxidations must then be accompanied by the esterification of as many 
as 4 or 5 molecules of inorganic phosphate, a yield which approaches com. 
plete thermodynamic efficiency of the conversion of energy yielded in these 
oxidations into phosphate bond energy. 

It appeared to us that the negative results reported by Ochoa in his study 
of phosphate esterification coupled to the pyridine-catalyzed oxidations 
might possibly have been a reflection of some conditions of his experiments 
which were adverse to the demonstration of phosphorylation by measure- 
ment of net phosphate uptake. In this paper are described experiments 
in which P®* was used as a tracer to establish that esterification of inorganic 
phosphate is coupled to electron transport between DPN, and oxygen 
in a system known to cause esterification of inorganic phosphate coupled 
to Krebs cycle oxidations. 

In Paper II (5) these findings are confirmed by a somewhat different 
approach and the properties of the coupling svstem more thoroughly 
examined, 


EXPERIMENTAL 


Preparative—The diphosphopyridine nucleotide (DPN) preparation used 
as starting material (Schwarz Laboratories) was 47 per cent pure according 
to spectrophotometric measurement (6,7). It was first freed of mononu- 
cleotide impurities by a method used by Warburg, Christian, and Griese 
(8) in the purification of triphosphopyridine nucleotide (TPN). This in- 
volved making a saturated solution of the DPN in cold 0.1 N methanolic 
HCl and precipitating the DPN by the addition of ethyl acetate. The 
DPN recovered (purity of 55 to 60 per cent) was then reduced with sodium 
hydrosulfite and the sodium salt of DP’NH, isolated according to the method 
of Ohlmeyer (9) and dried in vacuo. The purity of the dry compound was 
found to be 71.6 per cent on the basis of the composition and molecular 
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extinction coefficient given by Ohlmever, 6.28 10° sq. em. X mole. 
Other preparations of lesser purity were used in preliminary experiments. 
None of these preparations contained hydrosulfite or other substances 
capable of reacting with methylene blue. 

The sodium salt of DPN of 56 per cent purity, dry weight basis, was 
prepared by the addition of alcohol to a neutral solution of DPN; i.e., the 
same method that was used for the isolation of the sodium salt of DPNH, 
(sodium hydrosulfite was omitted). Although the yield was poor, this 
method was adhered to in order to obtain a sample of DPN having approxi- 
mately the same history of purification as had DPNH, prepared by Ohl- 
meyer’s method. 

The enzyme preparation used consisted of a dilute water suspension of 
the washed particulate matter of rat liver. Chilled rat liver, 2.7 gm., was 
homogenized in the cold with 8.0 ml. of cold 0.13 m KCI1-0.013 m sodium 
phosphate, pll 7.8. The homogenate was strained and diluted with an 
equal volume of the cold buffered KCl. The particulate elements were 
separated by centrifugation and washed as described by Lehninger and 
Kennedy (10). The washed residue was then suspended in ice-cold water, 
made to a volume of 15 ml., and strained. The preparation was stable at 
0° for a period of at least 3 hours. This preparation is capable of oxidizing 
fatty acids and intermediates of the Krebs cycle (10). 

Techniques—lIn all cases except in the anaerobic experiments, the cold 
enzyme preparation was added last, directly to the otherwise complete 
reaction mixture in the main compartment of the Warburg vessels, which 
were kept chilled in ice prior to the addition of enzyme. The sodium salts 
of DPNH, and DPN were dissolved in 0.1 M glycylglycine buffer, pH 7.4 
(about 5 mg. per 0.1 mil. of buffer), and introduced into the main compart- 
ment of the Warburg vessels shortly before the addition of the enzyme. 

In the anaerobic experiments, ice-cold enzyme (0.3 ml.) was placed in 
the side arm of a vessel equipped with a gassing vent. All of the other 
components of the reaction mixture including the pyridine nucleotide were 
in the main compartment. The vessel, placed in a chopped ice bath, was 
then given a preliminary flushing with a stream of nitrogen freed of traces 
of oxygen by passage through alkaline pyrogallol in an absorption tower. 
After 2 to 3 minutes flushing, the vessel was temporarily stoppered. An 
oxygen-carbon dioxide absorbent, containing sodium hyposulfite and 
sudium anthraquinone-3-sulfonate in alkali (11), was pipetted into the 
center well which contained a filter paper roll. The vessel was then quickly 
attached to the manometer and immersed in an ice water bath consisting 
of a bucket which had been placed in the emptied Warburg bath. This 
precaution was necessary to minimize inactivation of the enzyme during 
flushing with gas. The vessel was flushed with nitrogen for 5 minutes at 
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0°. The ice bath was then replaced with a bath at 30°. The enzyme was 
then tipped in from the side arm and the reaction mixture incubated for 
7 minutes. 

The reactions were stopped by the addition of 2.5 ml. of cold 10 per cent 
trichloroacetic acid. Aliquots of the filtrates were treated with carrier 
inorganic phosphate and magnesia mixture to remove inorganic P™ by 
essentially the same procedure which is fully described in Paper II (5). The 
radioactivity of the esterified P* in the supernatants, now essentially free 
of inorganic P®, was determined by conventional counting apparatus 
Under our counting conditions 1 microcurie of P® = 75,000 counts. Ip. 
organic and esterified P were determined by standard methods. 

The P® was obtained through the Atomic Energy Commission a 
H,P®O,. It was subjected to hydrolysis in 1 ~ HCl at 100° for 10 minutes 
and neutralized before use, since the material appeared to contain small 
amounts of pyro- or metaphosphate. 

Esterification of Inorganic Phosphate Coupled to K reba Cycle Oxidations— 
The suspensions of the washed particulate fraction of rat liver used in this 
investigation catalyze all the reactions of the Krebs tricarboxylic acid cycle 
and fatty acid oxidation (10). The demonstration of coupled phosphoryla- 
tion in these preparations by measuring net uptake of inorganic phosphate 
has not been possible, since the necessary transphosphorvlases required to 
cause phosphorylation of acceptors such as glucose, creatine, etc., by adeno- 
sine triphosphate (ATI) have been removed in the washing procedure. 
However, it is readily possible to demonstrate the maintenance of the 
esterified phosphate of ATP coupled to oxidation. In the absence of ow- | 
dizable substrate, ATP is quickly dephosphorylated by phosphatases; in — 
the presence of active oxidation of added substrates of the Krebs cycle the 
level of esterified phosphate may be maintained at or somewhat below the 
starting level. ‘The use of inorganic phosphate labeled with P” provides 
proof that such maintenance is the dynamic resultant of dephosphoryla 
tion and oxidation-coupled rephosphoryvlation, since after oxidation has 
taken place a large part of the P* is found in the esterified P fraction. 

In Table I are shown data on oxygen uptake, inorganic P, esterified P, 
and incorporation of inorganic P* into the esterified P fraction during the 
oxidation for a short period of Krebs cycle intermediates. The zero time 
experiment demonstrates the efficacy of the methods used to separate in- 
organic from esterified P*. It can be seen that the oxidation of all the 
Krebs cycle intermediates tested caused some degree of maintenance a 
levels of esterified P compared to the vessel without substrate. The dats 
also show that oxidation of these substrates causes substantial incorpors- — 
tion of inorganic P* into the esterified fraction, ranging from 10 to 39 per — 
cent of the P® originally added as inorganic phosphate. In the absenced | 
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added substrate a small amount of P* esterification took place, probably 
coupled to oxidation of traces of substrate present in the enzyme prepara- 
tion. It should be stressed that the esterification of phosphate observed 
on oxidation of any particular intermediate cannot be ascribed entirely to 
the oxidation of that intermediate to its immediate oxidation product, since 
all intermediates of the cycle are oxidizable in this system. 


Taste I 


Incorporation of Inorganic Phosphate Labeled with P™ into Acid-Soluble Esterified 
Phosphate Coupled to Krebs Cycle Oxidations 

The main compartment of the Warburg vessel contained 0.60 ml. of enzyme, 0.10 
ml. of MgSO, (0.005 «),* 0.20 ml. of KCI (0.05 1), 0.20 ml. of glycylglycine buffer, pH 
7.4 (0.01 0.20 ml. of eytochrome ¢ (1.5 10°* 0.40 ml. of ATP (0.0012 0.10 
ml. of inorganic phosphate labeled with P™ (556,200 counts per minute), and 0.20 ml. 
of substrate (0.01 wu). Incubated in air at 30° for 7 minutes after a 4 minute equili- 
bration period. 


Substrate Oxygen uptake inorganic Esterifed P 
into esterified P 
0 time 0.088 
None J 2M 158 3.25 
Malate 15 158 20) 4.3 
Fumarat« 158 236 24.2 
Oxalaceta': 1S aM 10.1 
cis-Aconita ic 212 16.3 
Citrate 232 
e-Ketoglut 214 12.0 
Succinate | 1») ™ 37.4 
Pyruvate ISS 211 13.8 
YT thaiale 115 287 39.2 


® The figures in parentheses indicate the final concentration of the component in 
the complete reaction medium. This notation is used in all the tables. 


The values of per cent incorporation of P® given in Table I are only a 
semiquantitative indication of the rate of esterification of inorganic phos- 
phate. The complexity of the exchanges taking place prevents any simple 
derivation of rates of formation of newly esterified phosphate, as is clear 
from the data shown in Table II. In this experiment the oxidation of 
succinate was allowed to take place under the same conditions as in the 
experiments of Table I, the reaction being stopped at different time inter- 
vals for measurement of oxygen uptake, inorganic phosphate, 47 phosphate 
(easily hydrolyzable groups of ATP), and per cent incorporation of P*. It 
can be seen that the level of A7 P remained essentially constant over the 
40 minute period studied, as did the level of inorganic phosphate. How- 
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ever, within 2 minutes 16.1 per cent of the inorganic P® was esterified and 
at 10 minutes a plateau was reached at which about 55 to 60 per cent of 
the P* is in esterified form. At the plateau the ratio of esterified to total 
P® is constant and approximately equal to the ratio of A7 P to the sum of 
47 P and inorganic P. This fact indicates that the P® is completely 
equilibrated between the pool of inorganic phosphate and the easily hy. 
drolyzable groups of ATP. Hydrolysis of the esterified P fraction for 10 
minutes at 100° in 1 w H,SO, converted 89 per cent of the P® into a form 
precipitable by magnesia mixture. 


Taste Il 
Time Course of Incorporation of Inorganic P’™ during Succinate Oxidation 

The main compartment of the Warburg vessels contained 0.10 ml. of MgCl, 0.0% 
mu), 0.10 ml. of KCI (0.05 0.10 ml. of glveviglhycine buffer, pH 7.8 (0.02 0 40m) 
of ATP,0.10 ml. of cytochrome ¢ (1.5 * 10°* w), 0.20 ml. of succinate (0.01 w),.0.10m) 
of inorganic phosphate labeled with P” (141,500 counts per minute). Side arm, 0m 
ml, of enzyme tipped in after 5 minutes equilibration. Total volume,2.0 ml. Stop 
ped with trichloroacetic acid at the times indicated. Temperature, 30°. 


Time On uptake Inorganu PCesteriied — 

PF 

0 126 0.01 
2 5 116 1w 16.1 
5 16 106 142 41.0 57.2 
10 32 116 1358 53.0 3 
16 49 112 140 4.8 55.5 
22 | 67 102 140 57.7 57.9 
30 | 97 112 142 61.0 55.9 
40 125 116 142 @.6 55.1 


* In this table the data on the per cent incorporation of P™ were corrected by 
the factor 1.33 to allow for esterified phosphate lost by coprecipitation during pre- 
cipitation of inorganic phosphate with Mg**. This approximation suffices for the 
comparison shown above. 


The per cent incorporation of P® in any experiment will depend on the 
time the reaction is stopped and the ratio of inorganic P to 47 P and, d 
course, on the ability of the oxidation to cause esterification. The per cent 
incorporations of P® given in this paper and Paper II (5) therefore are only 
qualitative measures of inorganic phosphate esterification and in general 
no attempt was made to follow rates of incorporation in the very early 
stages of the oxidation. Calculation of rates of turnover obtained from — 
incorporation rates in the first stage of the oxidation are obviously compl- — 
cated by the continued fall in the specific activity of the inorganic P pool | 
due to dilution by inactive P arising from the continuous dephosphoryls- . 
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tion of the ATP. For this reason most of the reactions studied in these 
papers were stopped after the plateau had been attained in control vessels. 
In these experiments mainly “all or none” effects were examined and the 
measurement of per cent P® incorporated provided a convenient indicator 
for such gross differences. The approach in its present form does not lend 
itself readily to measurement of P:O ratios. 

The data presented indicate that oxidation of Krebs cycle intermediates 
by these enzyme preparations causes esterification of inorganic P® in sub- 
santial amount. The enzyme preparations and techniques used were 
therefore regarded as suitable for the qualitative detection of phosphate 
esterification coupled to DPNH, oxidation. 


Taste Il 
Incorporation of Inorganic P’™ into Acid-Soluble Eaterified Phosphate Coupled to 
Oxidation of DPNH, 

The main compartment of the Warburg vessel contained 0.30 ml. of enzyme prepa- 
ration and final concentrations of components other than substrates as detailed in 
Table I in a total volume of 1.0 ml. The sodium salt of DPNH, of 56 per cent pu- 
rity was added in 0.1 ml. of glycylglycine buffer as indicated. Incubated in air at 
approximately 3)” for 14 minutes. 


Incorporation of P® into 


Subeatrate Concentration esterified P 
per cont 
None 5.0 
Malate 0.01 28.5 
DPNH, 0.0005 8.6 
0.001 13.6 
0.005 23.5 


Phosphorylation Coupled to Electron Transport between DPNH, and Ory- 
gen—The ease of demonstrating aerobic phosphorylation by experiments 
such as those described led to preliminary studies with DPNH, as sub- 
strate incubated aerobically with enzyme, Mg**, ATP, cytochrome c, and 
inorganic phosphate labeled with P® under conditions exactly as used above 
with the Krebs cycle intermediates as substrates. The results obtained 
with varying concentrations of a preparation of DPNH, of 56 per cent 
purity are shown in Table III. It can be seen from the data that incuba- 
tion of increasing concentrations of DPNH, caused successively greater 
incorporations of inorganic phosphate labeled with P® into the esterified 
fraction above the amount given in the absence of DPNH,. At the highest 
concentration tested (0.005 m1) the degree of incorporation was of the same 
order of magnitude as that given by the oxidation of malate. In these 
experiments accurate measurements of oxygen uptake were not possible, 
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since a large part of the oxidation took place during the temperature equilj- 
bration period. Although it would have been possible to tip the DPNH, 
into the main compartment from a side arm after equilibration, it was feared 
that temperature equilibration of the enzyme in the absence of oxidizable 
substrate for any length of time might cause extensive inactivation of the 
enzyme system. ‘These fears were partially justified; in Paper II (5) it is 
shown that the enzymes responsible for the esterification reaction ar 
quickly inactivated at these temperatures. For this reason oxygen uptake 


Taste lV 
Incorporation of Inorganic P’™ into Acid-Soluble Esterified Phosphate Coupled to 
DPNH, Oxidation 

The main compartment of the Warburg vessels contained 0.90 ml. of enzyme, 
0.05 ml. of MgSO, (0.005 1), 0.01 mil. of _ (0.05 w),0.20 ml. of glvevighvcine buffer, 
pHi 7.4 (0.02 m), 0.20 ml. of 0.002 0.05 ml. of cytochrome ¢ (1.5 X 10%, 
0.05 ml. of inorganic phosphate labeled ath P* (486,000 counts per sleteh. and 
pyridine nucleotides in a total volume of 1.0 ml. Incubated in air at 30° for 7 min. 
utes. Other conditions indicated below. 


DPNH: 0.005 ped 
Incorpo. | Incorpo _Incorpe- 
| Par | | Pe 
ganic P terified | esterified 
| 
per cowl pee cen per 
Complete system 6 2.3 | 182 1.99 | 132 | 4.65 
ATP omitted | 9.25 | O88 
Cytochrome ¢ omitted isl 1.51 
Mg** omitted in 0.3 
+ OO1IS NaF 637.0 
+ 0.009 “ arsenite | 1” 1.65 
+ malate (0.01 m) (no DPN) 73 33.5 
0.00 


0 time 


was followed only qualitatively. In the experiments outlined in Table Ill 
a rapid oxygen uptake was observed with 0.005 wm DPNIi). 

With the concentration of DPNH, necessary for obtaining substantial 
incorporation of inorganic P® established, the experiment was repeated 
with DPNH, of higher purity (71.5 per cent) and a more complete study 
was made of the requirements of cofactors, anaerobiosis, and mhibitors. 
The results of an experiment are shown in Table IV. As in the experiments | 
of Table III, the incubation in air of DPNH, with enzyme, Mg**, KC, 
ATP, cytochrome c, and inorganic phosphate labeled with P* caused the | 


incorporation of a substantial part of the P® into a form not precipitable 


33.5 


0.00 


ible Il 
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with magnesia mixture. Here again the extent of incorporation was simi- 
lar to that shown after oxidation of malate. When oxidized DPN was 
substituted for DPNH), at the same concentration as a control for oxidiz- 
able substrates which may have been present as impurities in the DPNH4,, 
no significant esterification of P® took place. The esterification taking 
place with DPNII, is probably associated with oxidation of DPNH, by 
molecular oxygen, since under anaerobic conditions very little esterifica- 
tion took place. This is also confirmed by the finding that omission of 
cytochrome c, the presence of which is essential to obtain oxygen uptake in 
these preparations when they are oxidizing Krebs cycle intermediates, also 
causes esterification of P** to drop to a very low value. 

Since the reaction media also contained Mg** and ATP, which are essen- 
tial for the Krebs cycle oxidations, the effects of omission of these com- 
ponents were also examined. Omission of ATP caused a loss of 60 per cent 
in amount of incorporation; omission of Mg** reduced esterification to an 
insignificant level. In other experiments, omission of ATP resulted in 
even lower degrees of P™ incorporation. Neither ATP nor Mg** has been 
implicated in the past in the process of electron transport from DPNH; to 
oxygen and addition of these compounds to such systems has not revealed 
any stimulatory effects (cf. (12)). 

Fluoride, which is known to prevent “leakage” of esterified phosphate 
during aerobic phosphorylation in crude tissue extracts by inhibiting phos- 
phatases, caused an increase in P® esterified, as might be expected. Arse- 
nite completely abolished the esterification. 

80 per cent of the P® esterified during the oxidation of DPNH), in experi- 
ments of this type was found to be converted into inorganic phosphate by 
a 10 minute period of hydrolysis in 1 N HCI at 100°, indicating that the 
esterified P*® is largely located in the easily hydrolyzable groups of ATP. 

The data on P*™ incorporation are paralleled by data on inorganic phos- 
phate levels also given in Table IV. In the absence of active incorporation 
of P* (as in the anaerobic experiment, or in the absence of cytochrome c 
or Mg**, or in the presence of arsenite) there is a large increase in inorganic 
phosphate on incubation, corresponding to hydrolysis of ATP. In those 
experiments showing active esterification of P*, there is a much smaller 
increase of inorganic phosphate due to the continuous esterification of phos- 
phate accompanying the oxidation of DPNH, which counterbalances the 
action of phosphatases. 

To summarize, then, these experiments indicate strongly that esterifica- 
tion of inorganic phosphate accompanies the passage of electrons from 
DPNH; to oxygen and that such esterification requires the presence of 
ATP, Mg**, and cytochrome c. 

Attempts to Localize Site of Esterification—Since electron transport 
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between DPNH, and oxygen in this system involves cytochrome c, as 
indicated by the requirement of cytochrome, the possibility that the phos. 
phorylation occurred during electron transport between DPNH, and eyto- 
chrome ¢ was investigated. A high concentration of cytochrome c, 0.001 w, 
was substituted for oxygen as acceptor, under either anaerobic conditions 
or aerobic conditions in the presence of 0.001 Mm cyanide to prevent oxida- 
tion by molecular oxygen via cytochrome oxidase. This amount of cyto- 
chrome c is equivalent to about one-tenth of the DPNI1, added. In order 
to determine whether this high concentration of cytochrome c is inhibitory 
to phosphorylation, it was also tested aerobically and compared with the 
lower concentrations previously used. The results are shown in Table V, 


Taste V 
Apparent Absence of Phosphorylation during Electron Transport between DPNH, and 
Cytochrome 
The Warburg vessels contained 0.30 ml. of enzyme and components as detailed in 
Table IV in a total volume of 1.0 ml. The sodium salt of DPNII, (5 mg.) was added 
in 0.10 ml. of glycylglycine buffer. Incubated in air or anaerobically as indicated 
at 30° for 7 minutes. Other conditions indicated below. 


Per cent of inorganic P® incorporated into 
esterified P 


wm 


1.5 xX cyto | 10% cyte 
chrome ¢ chrome 


Complete system (aerobic) ade | 24.8 15.2 
Pyridine nucleotide omitted (acrobic, | 1.23 4.22 
Complete system + ecvanide (0.001 ™) 

(aerobic)... | 0.52 0.36 
Same, anaerobic (no cyanide) 1.91 1.81 


Although the presence of such high concentrations of cytochrome c¢ caused 
some inhibition of phosphorylation under aerobic conditions, the results 
under anaerobic conditions are unmistakably negative. In the anaerobic 
experiment and in the experiment in which cytochrome oxidase was in- 
hibited by cyanide the cytochrome c was largely reduced, as indicated by 
the gross color change; however, no esterification comparable to that found 
in the active aerobic system was found. The amount of cytochrome c used 
as acceptor, | micromole, could accept electrons equivalent to 11.2 c.mm. 
of oxygen uptake if completely reduced. The esterification of inorganic 
P® coupled to this amount of oxygen uptake if Krebs cycle intermediates | 
are used as substrates is ordinarily readily detectable by the methods used, 
as may be seen in Table II. For this reason the negative findings obtained 
in these experiments and others designed for the same purpose (5) have 
been felt to be of some significance. 
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Attempts have also been made to determine whether esterification of 
phosphate accompanies passage of electrons from cytochrome c, which is 
involved in the phosphorylative oxidation of DPNHg:, to oxygen. In sys- 
tems containing enzyme, cytochrome c, Mg**, ATP, buffer, and inorganic 
phosphate labeled with P®, the cytochrome ¢ was reduced non-enzymati- 
cally in situ by substances such as ascorbate, glutathione, cysteine, hydro- 
quinone, and p-phenylenediamine (13, 14), resulting in large oxygen up- 
takes. The oxidation of malate served as a control, giving the usual high 
degree of P® incorporation (Table VI). 


Tasie VI 
Study of Phosphate Esterification Coupled to Electron Transport between Reduced 
Cytochrome c and Oxygen 


The Warburg vessels contained 0.50 ml. of enzyme, 0.10 ml. of MgCl, (0.005 m), 
0.10 ml. of KCI (0.05 w), 0.10 ml. of glyeylglycine buffer (0.02 m1), 0.20 ml. of cyto- 
chrome c (2 X 10°* mw), 0.40 ml. of ATP (0.002 mu), inorganic phosphate labeled with 
P® (361,000 counts per minute), cytochrome c reductants at 0.01 m, and malate at 
0.01 masindicated. Total volume,2.0 ml. Time, 15 minutes after 4 minutes equili- 
bration at 30°. 


P® esterified 


Substrate 


Os uptake 
per cont 
None (0 time) 0.16 
Malate 28.2 
Ascorbate 76 7.4 
Cysteine 70 1.10 
Hydroquinone 71 0.90 
p-Phenylenediamine 
Malate + ascorbate IS.2 
” + glutathione 70 14.3 
+ hydroquinone 
p-phenvlenediamine SI 0.96 


Although there was an extensive flow of electrons over the cytochrome 
system as indicated by the oxygen uptake when cytochrome c was reduced 
by the above reagents, there was no esterification of inorganic phosphate 
except in the case of ascorbic acid which showed a small incorporation. 
However, it may not be immediately concluded that this phase of electron 
transport from DPNH, to oxygen does not cause esterification of phos- 
phate. As can be seen from the data, hydroquinone and p-phenylenedi- 
amine when incubated together with malate appeared to abolish the esteri- 
fication obtained with malate alone, whereas the other reducing agents 
inhibited to different degrees. It is possible that such inhibition results 
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from a competition between malate and the reducing agents for available 
cytochrome c and it is also possible that hydroquinone and p-phenylenedj- 
amine or their oxidation products may have “decoupling” effects, as are 
noted in Paper II (5). The positive esterification noted with ascorbate 
alone may be of significance; however, the instability of dehydroascorbje 
acid may give rise to other metabolites capable of phosphorylative oxidation 
in such a system. 

Localization of the site of esterification of inorganic phosphate along the 
chain of electron carriers between DPNH, and oxygen has therefore not 
been achieved by the relatively simple experiments outlined; however, 
these experiments have served to define some of the problems involved. 


DISCUSSION 


The data presented in this paper demonstrate that inorganic phosphate 
is esterified during the aerobic incubation of DPNH, with an enzyme prepa- 
ration known to cause coupled esterification of inorganic phosphate during 
oxidations in the Krebs cycle. This reaction requires the presence of ATP, 
Mgt, cytochrome c, and oxygen. The requirement of the latter two 
components and the oxygen uptakes which were observed qualitatively 
allow the tentative conclusion that the esterification is associated with 
transport of electrons from DPNH,; over the cytochrome system to oxygen. 

These qualitative findings have obvious implications not only in the 
localization of the sites of the aerobic phosphorylations occurring during 
the oxidation of pyruvate over the Krebs cycle but also raise some ques- 
tions concerning the nature of the enzymes involved in electron transport 
between DPNH; and the cytochrome system. 


There are two points of possible uncertainty in the experiments quoted. | 


The first involves the question of the purity of the DPNH, samples em- 
ployed. Although control experiments with the oxidized form of the nu- 
cleotide, having approximately the same history of purification, showed no 
significant esterification, it is conceivable that an oxidizable impurity may 
have been formed by the action of hydrosulfite during the preparation of 
the DPNH:. A second point on which more information is necessary is 
the exact measurement of oxygen uptake during such experiments. This 
becomes of some importance in considering the necessity of ATP and Mg* 


for the esterification. These factors are not known to be involved in any | 


obligatory way in DPN-linked oxidations over the cytochrome system. If 
esterification is not an obligatory accompaniment of oxidation, this would 


be revealed by more exact measurements of oxygen uptake than were | 


possible in this study. 
The experiments reported in this paper offer no immediately obvious 
explanation for Ochoa’s failures to detect phosphorylation other than the 


finding that arsenite, which Ochoa used to prevent further oxidation of — 
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a-ketoglutarate in his experiments with the TPN-linked oxidation, is 
strongly inhibitory to the esterification. 

With the fundamental data reported here as a basis, a somewhat different 
approach to the problem was devised which completely confirmed these 
findings and which allowed more systematic and convenient study of the 
phenomenon reported. These data are reported in Paper II (5). As will 
be seen, the two approaches supplement and confirm each other, providing 
proof that esterification of phosphate occurs between DPNH, and oxygen 
in the enzyme preparations under study. 

Experimental localization of sites of esterification in the chain of electron 
transport enzymes will offer some practical difficulties, as is indicated by 
the experiments described. 


SUMMARY 


The aerobic incubation of dihydrodiphosphopyridine nucleotide of 71.5 
per cent purity with the washed particulate matter of rat liver in the pres- 
ence of ATP, Mg**, and cytochrome ¢c causes substantial incorporation of 
inorganic phosphate labeled with P** into the esterified phosphate fraction. 
80 per cent of the esterified P®* can be liberated as inorganic phosphate by 
a 10 minute period of hydrolysis in 1 N HCI at 100°, indicating that adenine 
nucleotide is the phosphate acceptor. Omission of any one of the com- 
ponents enumerated results in failure of esterification, as does anaerobiosis. 
Fluoride increased the amount of P® esterified; arsenite completely in- 
hibited the response. These facts permit the tentative conclusion that 
esterification of inorganic phosphate accompanies the transport of elec- 
trons from DPNII, to oxygen under the conditions studied. It was not 
possible to locate by decisive experiments the sites of esterification in the 
electron transport chain. 
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ESTERIFICATION OF INORGANIC PHOSPHATE COUPLED TO 
ELECTRON TRANSPORT BETWEEN DITLTYDRODIPHOSPHO- 
PYRIDINE NUCLEOTIDE AND OXYGEN. II* 


By ALBERT L. LEHNINGER 
(From the Departments of Surgery and Biochemistry, University of Chicago, Chicago) 


(Received for publication, November 15, 1948) 


In Paper I (3) evidence was given to show that inorganic phosphate is 
esterified when dihydrodiphosphopyridine nucleotide (DPNHz,) is incu- 
bated aerobically with a particulate fraction of rat liver in the presence of 
adenosine triphosphate (ATP), Mg**, cytochrome c, and inorganic phos- 
phate labeled with P**. The presence of Mg**, cytochrome c, ATP, and 
oxygen was required for the esterification reaction. The data have been 
interpreted to mean that, as electrons pass from DPNH, to oxygen over 
the cytochrome system, inorganic phosphate is esterified. This interpreta- 
tion is in agreement with the prediction (4, 5) that some esterification of 
inorganic phosphate may occur during electron transport between primary 
acceptors and oxygen to account for the known high efficiency of oxidative 
phosphorylation during pyruvate oxidation (4). 

The approach used in Paper I, namely the use of high concentrations of 
DPNH; as substrate, does not lend itself to systematic study of the coupled 
esterification owing to the extremely high concentration of nucleotide re- 
quired to yield substantial electron turnover, the inability to measure 
oxygen uptakes accurately, and the inconvenience and expense of preparing 
large amounts of the reduced nucleotide, which is itself of only limited 
stability and purity. 

The other obvious approach for study of this problem is the use of a 
diphosphopyridine nucleotide-linked dehydrogenase and its substrate to 
generate DPNH, continuously. As the DPNH, is reoxidized by oxygen, 
the DPN formed will again be reduced by the substrate and dehydrogenase. 
However, there is a practical difficulty in this approach. Since it is desired 
to study only the esterification of inorganic phosphate coupled to electron 
transport between DPNH, and oxygen, uncomplicated by oxidative phos- 
phorylation due to oxidation of extraneous substrates, it is necessary to 
choose a dehydrogenase system, the reaction product of which is not capable 
of undergoing further oxidation and thereby contributing to phosphoryla- 
tion events. Although it is possible to inhibit the further oxidation of such 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council) and Mr. Ben May, Mobile, 
Alabama. Preliminary reports on some of the data presented have been made (1, 2). 
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a product more or less selectively (7.c. the oxidation of pyruvate, the product 
of the lactic dehydrogenase system, can be inhibited by arsenite (6)), jt 
appeared best to avoid the use of inhibitors because of possible additional 
inhibitory effects on the coupled esterification. For instance, in Paper | 
(3) it was shown that arsenite completely abolished the esterification 
coupled to DPNH, oxidation. 

In the course of this work it was found that the 8-hydroxybutyrate-. 
hydroxybutyric dehydrogenase system, which is DPN-linked (7), was an 
ideal dehydrogenase system for this study. The dehydrogenase is present 
in the particulate fraction of rat liver, consisting largely of mitochondria, 
which contains the phosphorylation system. It shows all the character- 
istics of a DPN-linked dehydrogenase. The reaction product, acetoace- 
tate, is completely inert in the system and does not undergo further oxi- 
dation. 

Use of 8-hydroxybutyrate as substrate allows continuous generation of 
DPNH, in sufficient quantity to allow accurate measurement of oxygen 
uptake, which can be checked by measurement of acetoacetate formation. 
There are only traces of endogenous oxidative activity. Using this system 
we have made a more extensive study of the esterification of inorganic phos- 
phate accompanying electron transport from DPNH, to oxygen than was 
possible with DPNH, as substrate. The data obtained confirm and extend 
the findings made with the use of DPNH, as substrate reported in Paper 
I (3). 

Preparative—The sodium salt of dl-8-hydroxybutyric acid (BOH) was 
obtained in crystalline form by saponifying the ethyl ester (Eastman) with 
an equivalent of 2 N NaOH at room temperature. After completion of 
saponification the solution was neutralized and brought to dryness in vacuo 
and the crude sodium salt recrystallized from ethanol. The DPN used 
was obtained from the Schwarz Laboratories. The purity varied from 45 
to 60 per cent as tested spectrophotometrically (8). This material ap- 
peared not to contain substances grossly inhibitory to any of the reactions 
examined. Acetoacetate was prepared by the method of Ljunggren (9). 
The ATP was prepared from rabbit muscle (10). In addition the sodium 
salt of ATP obtainable from the Rohm and Haas Company was also found 
suitable. 


The enzyme preparations used in this study were essentially those used — 


in the past in this laboratory to study fatty acid oxidation. Two different 
types of preparations were used. Enzyme I was prepared from rat liver 
as previously described (3, 11) and Enzyme II was a preparation consisting 
almost entirely of mitochondria from rat liver isolated by a short modifica- 
tion of the method of Hogeboom, Schneider, and Pallade (12). Chilled 


rat liver freshly removed from the exsanguinated rat was homogenized 
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9 volumes of 0.88 mM sucrose, strained, and centrifuged three times at 600 
xX g, the supernatant being decanted each time from the residue of nuclei, 
erythrocytes, and intact cells. The supernatant, now cleared of these 
elements, was made 0.15 Mm with NaCl by addition of ¢ volume of 1.5 m 
NaCl, allowed to stand 5 minutes in an ice bath, and the agglutinated mito- 
chondria sedimented by 10 minutes centrifugation in a Sorvall angle cen- 
trifuge at 2400 X g. The mitochondria were resuspended in 0.15 mM NaCl 
to make a volume equal to that of the first sucrose homogenate and re- 
sedimented. ‘They were then suspended in 3 to 4 volumes of 0.15 Mm NaCl 
or H,O as indicated. All the operations were carried out in the cold. If 
the enzyme preparations are allowed to come to room temperature for even 
a short period, the phosphorylative activity is lost without affecting the 
oxidative activity, as will be shown. 

The two enzyme preparations described are enzymatically equivalent. 
Enzyme I contains nuclei, erythrocytes, and some intact cells in addition 
to mitochondria. ‘The short procedure for isolation of mitochondria de- 
scribed above differs from the published procedure (12) in the addition of 
NaCl to the 0.88 Mm sucrose homogenate after clearing it of nuclei, etc., in 
order to agglutinate the mitochondria, causing them to sediment more 
rapidly at lower speeds. 

Techniques—The reactions described were carried out in standard War- 
burg vessels, containing alkali in the center well, at 30°. The enzyme was 
added last to the otherwise complete reaction medium, either by tipping it 
in from the side arm or by adding it directly as indicated. A temperature 
equilibration period of 5 minutes was allowed, followed by closing the taps. 
At the completion of the incubation period, 8.0 ml. of 5 per cent trichloro- 
acetic acid were added to stop the reaction. Aliquots of the filtrates were 
used for acetoacetate analysis (a modification of the method of Greenberg 
and Lester (13)), for determination of inorganic and esterified phosphate, 
and for determination of esterified P*. 

The esterified P*? was measured by determining the radioactivity remain- 
ing in solution after precipitation of inorganic phosphate with magnesia 
mixture. ‘To 5.0 ml. of the trichloroacetic acid filtrate were added 1.0 ml. 
of magnesia mixture (0.1 m MgSO, in 1 m NH,Cl) and 0.05 ml. 0.1 m phos- 
phate buffer, pH 7.4 (as diluent of the inorganic P**). The mixture was 
brought to approximately pH 9.0 by addition of 0.20 ml. of concentrated 
aqueous ammonia (15N). The contents were stirred in an ice bath until 
the magnesium ammonium phosphate precipitate began to form. The 
tubes were left at 0° for at least 4 hours and then centrifuged for 15 minutes. 
The supernatants were then carefully decanted into tubes containing 0.05 
ml. of 0.1 m phosphate and 0.15 ml. of 10N H,SO,. After mixing, 0.20 
ml. of 15 N NH; was added. The tubes were then stirred in an ice bath 


luct 
it 
nal 
tion 
e-3- 
S an 
sent 
ria, 
‘ter- 
ace- 
n of 
‘gen | 
tion. 
stem 
yhos- 
was 
tend 
aper | 
was 
with | 
nof | 
acuo 
used 
45 
| ap- : 
tions 
9). 
lium 
yund 
used 
liver 
sting 
ifica- 
uilled | 
“d in | 


ESTERIFICATION OF INORGANIC PHOSPHATE. U 


again and allowed to stand for at least 4 hours. The tubes were then 
centrifuged for 15 minutes and the supernatants carefully decanted inte 
clean tubes. Dilutions of these supernatants were then made for the actual 
counts, which were performed on 1.0 ml. samples with the conventional 
Geiger-Miller tube and recording apparatus. The separations of inorganic 
P® from esterified P™ made in this way were very effective, leaving behind 
at the most 0.5 per cent of the inorganic P**. Since most of the esterifica. 
tions measured involved incorporations of the order of 10 to 80 per cent 
of the inorganic P® added to the system, the data are not corrected for the 
small amount of inorgamic P* remaining after carrier dilution and two 
magnesia precipitations. Zero time values are given with some experi- 
ments to indicate effectiveness of separation. There are losses of esterified 
phosphate (ATP) due to coprecipitation with inorganic phosphate during 
the magnesia treatment. After two precipitations the average recovery of 
ATP (which has been found not to vary widely) is about 70 per cent of that 
originally present. The data given are not corrected for these losses. The 
conditions of magnesia separation described give optimal yields of esteri- 
fied phosphate. None of the substrates, inhibitors, etc., present in the 
samples prepared as above appeared to interfere seriously with the sepa- 
rations. 

By this technique the determination of esterified P™ is quite reproducible 
between replicate aliquots of a given filtrate and lends itself nicely to 
routine use. 

With the sample and counter geometry used, | microcurie of P™ was 
equal to about 75,000 counts, bach Warburg vessel contained between 
1 and 6 microcuries of P™ 

Requirements for Ocidation of BOHM and Coupled Phosphorylation — Afvera 
number of preliminary experiments to establish optimal conditions of sub- 
strate and cofactor concentrations the requirements for oxidation of BOH 
to acetoacetate and for the esterification of inorganic phosphate coupled to 
this oxidation were studied. In Table | is a representative group of data 
demonstrating that the oxidation of BOH to acetoacetate requires the 
presence of DPN' and cytochrome ¢ and that a non-obligatory esterifica- 
tion of inorganic phosphate accompanies the oxidation provided Mg** and 

' Sufficient DPN is already present in most enzyme preparations for suboptimal 
oxidation of BOH, provided the enzyme is added immediately to the main compart 


ment. However, if the enzyme is tipped in trom the side arm after a 5 minute tem 
perature equilibration period this DIN is completely destroyed and an absolute re 


quirement of added DPN is then apparent. If the suspension of mitochondria used — 
is very heavy, the requirements of DPN, \Mig°', and evtochrome ¢ may not be appar — 


ent, because sufficient concentrations of these factors will be present. Dilution o 
such heavy suspensions will result in more or lex absolute requirements for the 


factors mentioned. 
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The oxidation of BOH was followed by measuring 
Phosphorvlation events were 
followed by the measurement of inorganic phosphate, easily hydrolyzable 
phosphate, and the extent of incorporation of inorganic P* into the esteri- 
fied fraction. As can be seen, there is excellent agreement between oxygen 
uptake and acetoacetate formation, indicating that no significant oxidation 
of acetoacetate occurs. Omission of substrate, DPN, or cytochrome c 
eaused the oxygen uptake to fall to zero or very low values. These findings 


ATP are also present. 


TABLE | 

Requirements Jor Oxidation of 38-Hydrozybutyrate and for Coupled Phosphorylation 

The main compartment of the Warburg vessels contained 0.10 ml. of MgSO, 
(0.005 1) ,° 0.10 ml. of nicotinamide (0.02 0.10 ml. of glvevlgiveine buffer, pH 7.5 
(0.02 uw), 0.10 ml. of dl-8-hydroxybutvrate (0.02 0.10 ml. of DPN (0.0005 0.20 
ml. of eytochrome ¢ (10-' uw), 0.40 ml. of ATP (0.0013 1), 0.10 mil. of as inorganic 
phosphate (269,000 counts per minute = 3.6 microcuries), 0.30 ml. of HO. Enzyme 
I, in 0.15 NaCl (0.50 ml.), added from the side arm after a 5 minute equilibration 
period, making the total volume of 2.0 ml. 
equal volume of water was substituted. 


When components were omitted, an 
Time, 20 minutes. 


cmm per cent 
Complete system SS 186 INO 132 21.6 
Same... 172 140 23.0 
“ @O time | Ow 166 0.4 
Substrate omitted 0 0 2s) 30 1.2 
DPN omitted 0 0 322 0 0.4 
Cytochrome ¢ omitted 13 25 260 31 2.1 
Mg** omitted 190 206) 26 
ATP | | a4 19S 12 0.6 


* The figures in parentheses indicate the final concentration of the substance in 
the complete reaction medium. This notation is used in all the tables. 


are in agreement with known facts concerning electron transport from 
DPN-linked dehydrogenases to oxygen (cf. Potter (14)). However, the 
additional presence of ATP and Mg**, which are not required for the 
oxidation and which have no significant effect on the oxidation rate by 
themselves, caused esterification of inorganic phosphate to occur, as was 
evidenced by maintenance of the level of A7 P and by the extensive incor- 
poration of inorganic P** into the esterified fraction. Esterification of in- 
organic phosphate did not occur if substrate, DPN, Mg*t+, ATP, or cyto- 
chrome ¢ was omitted singly. The data on P® esterification are paralleled 
by the measurements of the easily hydrolyzable phosphate groups of ATP. 
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The actively phosphorylating oxidation showed maintenance of the 47 P 
near the starting level. Omission of necessary components caused great 
decreases in 47 P. Maintenance of 47 P therefore represents a resultant 
between the action of phosphatases, ATPases, ete., on ATP and the syn. 
thesis of new phosphate bonds coupled to the oxidation. In the absence 
of the latter the level of 47 P falls to very low values. 

The amount of inorganic P® esterified in these experiments represents 
a semiquantitative measure of aerobic phosphorylation, as discussed jp 
Paper I (3). 

That the DPN added to these systems actually functions as a carrier 
(rather than some impurity contained in the preparations) is indicated by 
the fact that reduction of DPN, with the formation of the characteristic 


Taste Il 
Non-Reactivity of Acctoacetate 

The system contained 0.005 MgsQ,, 0.02 glveviglycine buffer, pll 7.6, 0.02 
nicotinamide, 0.002 ATP, 0.000384 DPN, 10°* evtochrome ¢, 243,000 counts 
per minute of as HPO,, and 0.02 al 8-hydroxybut vrate or 0.01 wt acetoacetate 
as indicated. 0.5) ml. of Enzyme II (in 0.15 NaCl) in the side arm, tipped after 5 
minutes equilibration into the main compartment to make a total volume of 2.0 m! 
Time, minutes. 


Acetoacectate 
Substrate Oy uptake PO esterihed 

0 time 20 min 

0 4 1.78 
8-Hydroxybut yrate 127 24.2 
Acetoacctate “nr 7 2.0 
Same, 0 time 414 0.41 


reduced band of DP? NIH, at 340 my, is readily observed when BOH, diluted 
enzyme, and DPN are incubated together, cytochrome oxidase being in- 
hibited by 0.001 w cyanide. The additional presence of ATP or Mg** has 
no effect on the rate of reduction of DPN in such experiments.’ 

In order to demonstrate that the further oxidation of small amounts d 
acetoacetate does not cause significant phosphate esterification, acetoace- 
tate and BOH were tested side by side in a series of enzyme preparations 
Typical data from one of these experiments are given in Table Il. It can 
be seen that acetoacetate by itself does not contribute significantly to oxy- 
gen uptake or P® esterification. It may be concluded that further oxida 


tion of acetoacetate may be excluded as being responsible for any significant 
amount of phosphate esterification and that the observed phosphorylation 


is due only to the DPN-linked oxidation. 
* Unpublished observations. 


ms 
us 
pb 
of 


A. L. LEHNINGER 631 


The P* esterified in the complete system has been found to be precipitable 
to the extent of 90 per cent by barium acetate at pH 8.2. Furthermore, 
from 75 to 90 per cent of the esterified P** can be converted into inor- 
ganic phosphate (precipitable by magnesia mixture) by a 10 minute period 
of hydrolysis in 1 N H,SO, at 100°. These facts indicate that the esterified 
p® is largely in the form of the easily hydrolyzable groups of ATP (they do 
not exclude the possibility that the esterified P® may be in the form of in- 
organic pyrophosphate). It also appears unlikely from these data that 
the DPN molecule itself contains any substantial part of the esterified 
P®, Labile phosphate esters of the type detectable by the Lowry and 


Il 
Specifietty of Adenine Nucleotide As Phosphate Acceptor 
The main compartment contained 0.005 m MgSQ,, 0.02 m nicotinamide, 0.02 m 
glyeyiglycine buffer, pll 7.8, 0.02 8-hydroxybutyrate, cytochrome c, phos- 
phate esters in the concentrations indicated, 278,000 counts per minute of P® as 
HPO, 0.0005" DPN. At zero time 0.50 ml. of Enzyme I was tipped into the main 
compartment to make a total volume of 2.0 ml. Time, 18 minutes. 


Phosphate ester Concentration PS esterified 
per cont 
id 0.0016 61 37.0 
Muscle adenylic acid. 0.002 54 4.0 
Fructose-1,6-diphosphate 0.002 i 0.14 
Inorganic pyrophosphate. 0.002 46 0.56 
a-Glycerophosphate. .. 0.002 46 0.15 
Thiamine pyrophosphate 0.002 43 0.14 
cc 0.002 48 0.24 


Lopez method (15) do not accumulate in these systems coupled to oxida- 
tion of BOH. 

The adenosine polyphosphates are specific phosphate acceptors in this 
system. In Table III are shown data collected from experiments in which 
different phosphate esters were substituted for ATP. ATP and adenosine 
diphosphate (ADP) were equally effective. Muscle adenylic acid was 
slightly active. Fructose-1 ,6-diphosphate, inorganic pyrophosphate, a- 
glycerophosphate, thiamine pyrophosphate, and yeast adenylic acid were 
ineffective as primary phosphate acceptors. It appears that ADP may be 


* Since this manuscript was prepared it has been found that muscle adenylic acid 
may serve as phosphate acceptor under special conditions and has actually been 
used in non-isotopic experiments to determine the P:O ratio of the reaction. The 
ein of adenylic acid is more labile to autolytic inactivation than is that 

ADP. 
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the primary acceptor in this phosphorylation, analogous to the réle of ADP 
in triose phosphate oxidation (16). 

It has been customary in studies of aerobic phosphorviation to use as 
secondary phosphate acceptors Various substances such as creatine, glucose. 
glucose--phosphate, etc., which can be enzymatically phosphorvlated by 
ATP. By using such acceptors it is often possible to trap esterified phos. 
phate and cause a net accumulation of newly esterified phosphate coupled 
to oxidation. However, the preparations studied here are lacking in the 
necessary transphosphorvlases which presumably have been removed ip 
the isolation of the particulate material used as enzyme. For this reason 
it is necessary to measure esterification of morganic phosphate by the us 
of P® as a tracer, supplemented by data on the maintenance of the 47 P 
of ATP coupled to the oxidation. Owing to these technical difficulties 
it has not been possible to estimate accurately the efficiency of the coupled 
esterification by determination of the ratio of newly esterified phosphate 
to oxygen taken up in the methods used.’ 

Nicotinamide was used in the reaction medium in most of the experiments 
reported in this paper to inhibit destruction of DPN by nucleotidases (17 
However, its presence Was found not to be absolutely necessary and it was 
not used in later experiments. 

Selective Inactivation of Phosphorylating Enzymes —The data already 
presented indicate that the esterification of inorganic phosphate coupled te 
BOH oxidation is not an essential part of the electron transport process, 
since the oxidation is not impaired by omitting those components necessary 
for phosphorylation (Mg**, ATP). 

In the course of these experiments it was found possible to inactivate 
select ively those Cnzvines Hecessary for the esterttication reaction without 
impairing the enzymes involved in oxygen uptake simply by incubating the 
enzyme suspension at 30° for short periods of time before adding it to the 
reaction medium. In Table IV are collected the data of an experiment in 
which the enzyme was placed in the side arm of the Warburg vessels and 
incubated at 30° for various lengths of time before being tipped into the 
main compartment, which contained all the components necessary for 
oxidation and phosphorviation. [Incubation of the enzyme under these 
circumstances for a period of 10 minutes caused no change in rate of oxide 
tion or extent of phosphorylation. However, incubation for 30 minutes 
or longer caused the esterification reaction to disappear without impairing 
the oxidation. In general, a 5 minute period of incubation of the enzyme 
in the side arm for temperature equilibration was found to be a safe pro 
cedure, causing no significant loss of activity in several experiments 

The stability of the enzymes involved in the DPN-linked oxidation and 
the lability of the phosphorylating system can also be demonstrated by 
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aging of the enzyme preparation at 2°. The oxidative system loses little 
if any activity in 3 to 4 days at 2°; the phosphorylating activity is lost after 
12 to 24 hours. 

These experiments indicate strongly that the phosphorylation process is 
nut obligatory to electron transport and may be dissociated or “decoupled” 
from the oxidation by simply omitting Mg** or ATID or by selective in- 
activation. 

We have not succeeded in restoring the activity of an inactivated enzyme 
preparation by midition of known coenzymes, etc... or by a tenled extract 
af a fresh, active enzyme preparation. 

Decoupling of Phosphorylation hy Inhuintors —The esterification of phos- 
phate mav be decoupled from the oxidation not only by omitting Me** or 


Tarte 
Selective Inactivation of Phosphor ylating Enzymes 

The main compartment contained 0.005 w 0.02 glvevighveine buffer, pH 
75. 002 u nicotinamide, 000064 DPN, ATP, 0.62 
evtochrome ¢, 2) counts per minute of HPO, The side arm con- 
tained 0.50 ml. of Enzyme Il suspension in 1), tipped in at the time intervals indi- 
cated below to make a total volume of 20 ml. Fach flask was then incubated 25 
minutes after mixing 


‘= ‘= per 
tho 14) HO 
tet 133 35.0 
15! 1.6 


ATP and by selective inactivation but also by the use of certain inhibitors. 
In Table V are shown data collected from several experiments in which the 
effect of various substances on the oxidation and phosphorylation Wis 
examined. 

Arsenite, 2,4-dinitrophenol, p-nitrophenol, Cat*, and SO were found 
to be potent inhibitors of the coupled phosphorylation, showing essentially 
no effect on the oxidation. Arsenate, pyrophosphate, and octanoate were 
somewhat leas effective as decoupling agents. Fluoride caused some in- 
hibition of oxidation but a great increase in amount of P™ esterified, an 
effect which might have been predicted owing to the well known inhibition 
of phosphatases by fluoride. Phlorhizin, iodoacetate, ethyl carbamate, 
and malonate did not inhibit the phosphorylation in the concentrations 


tested, although malonate inhibited the oxidation of BOH somewhat. 
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The decoupling of phosphorylation by arsenite is of special interest. |; 
may possibly explain the failure of Ochoa (18) to realize oxidative phos. 
phorylation coupled to the TPN-linked oxidation of isocitrate to oxalo. 
succinate in pig heart preparations supplemented with ATP and Mg 
which were otherwise readily capable of oxidative phosphorylation dyp. 
ing a-ketoglutarate oxidation. In the experiments on isocitrate oxidatice 


V 
Decoupling of Phosphate Esterification by Inhititors 
The data were obtained from several sets of experiments arranged as in the pre 
vious tables with the inhibitors added in the concentrations listed. Control vales 
(no inhibitor present) are given with each set in bold-faced type. 


None... 116 16.1 

Arsenate 0.005 112 8.3 

Malonate ...... 0.0075 41 10.1 

2,4-Dinitrophenol 0.0002 70 127 5.3 

CaCl, 0.005 6s 145 2.4 

Phiorhizin 0.0002 75 i21 61.0 

Fluoride jee 0.018 45 110 81.5 

lodoacetate 0.0025 117 55.3 
p-Nitrophenol 0.0002 7s 14s 7. 

Pyrophosphate 0.005 72 157 25.2 

3 None SS 21.6 

Arsenite 0.009 ss Is2 0.7 

4 None 3 197 27.6 

Ethyl carbamate 0.0005 191 35.4 

5 None 112 218 2 

Octanoate 7 0.008 7s 7.8 

6 None ! 43 92 36.5 

NaCl ... | 0.02 45 su 33.5 

Na 0.02 4s 34 

NHC! 46 37.0 


Ochoa prevented further oxidation of a-ketoglutarate, which would have 
complicated the findings, by the use of arsenite as inhibitor. By analogy 
with the DPN system studied here it is possible that the arsenite used may 
have decoupled whatever phosphorylation accompanied this oxidation. 
Decoupling of oxidative phosphorylation by 2,4-dinitrophenol has bee 
observed by Loomis and Lipmann (19) and by Hotchkiss (20). 2,4-Dr 
nitrophenol was the most effective decoupling agent for the system studie¢ 


value 
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here, decoupling effects being detectable at concentrations as low as 10~* m. 
The effect of Ca** is possibly related to the activating effect of Ca** on liver 
ATPase (cf. (21)). ‘The lack of any effect of phlorhizin on the phosphoryla- 
tion 8 noteworthy. 

Inhilntion of Esterification by DPN~-In Paper I (3) it was shown that 
the aerobic incubation of high concentrations of DPNH, with the enzyme 
system caused esterification of inorganic P® under appropriate conditions. 
These findings appear to be at variance with unpublished data quoted by 
Ochoa (4) which showed no net esterification of inorganic phosphate when 
high concentrations of DPNH, were incubated with heart preparations 
under conditions comparable to those used in our study. It appeared to 
us that these outwardly contradictory findings could be explained by an 


Taste VI 
Effect of DPN Concentration on Coupled Esterification 
The main compartment contained 0.005 MgsSO,, 0.02 glycylglycine buffer, 
pli 7.5, 0.02 w nicotinamide, DPN in the concentrations indicated, 0.0018 uw ATP, 
0.02 BOH, 10-* eytochrome ¢, 308,300 counts per minute of as HPOT. The 
side arm contained 0.) ml. of Enzyme I suspension. Time, 15 minutes. 


DPN concentration Oy uptake Acetoacetate formation P® esterified 
0.0001 14s 15.1 
0.0003 2.4 
0.0007 1) 21.6 
0.0015 76 165 17.3 
0.0030 170 6.4 
0.0030 85 161 2.3 


inhibitory action of high concentrations of DPN (or DPNH,) which could 
cause inhibition of the esterification to such a degree as to show no net 
phosphorylation but an amount of turnover still detectable by the tracer 
technique. To test this explanation DPN concentration was varied from 
0.0001 to 0.005 m in the standard BOH system (Table VI). It is clearly 
evident that the higher concentrations of DPN are highly inhibitory to 
phosphate esterification. It appears possible, from consideration of other 
data, that DPNH, as such is less inhibitory than DPN, although this sug- 
gestion is difficult to test. It appears likely that the inhibitory action of 
high concentrations of DPN is actually due to the DPN rather than to 
impurities contained in it, since DPN inactivated by alkali shows much 
less inhibition than does untreated DPN in a system containing low con- 
centrations of the intact nucleotide. These findings probably furnish a 
partial explanation for Ochoa’s failure to obtain net synthesis of phosphate 
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bonds coupled to the oxidation of high concentrations of DPNiiy. The 
degree of inhibition produced, however, still allows detection of turnover 
with the use of P®,) Chwing to this effect of DPN, optimal phosphorylation 
activity is usually observed at [YPN concentrations somewhat below opti. 
mal concentrations for maximum oxidation rates. 

Dependence of Coupled Phosphorylation on Tonicity of Medium —ln « 
study of the requirements of the fatty acid oxidase system, it was found 
that the oxidation of octanoate, pyruvate, or malate in particulate frac. 
tions of rat liver required approximately isotonic reaction media and it was 
shown that either electrolytes, such as NaCl or LiCl, or non-clectrolytes, 
such as sucrose or glucose, sufficed to meet the requirement (11). In the 
light of other investigations in this laboratory (22) it appears that this re- 


Tanue VIl 
k fect of Tonicity on Coupled Phosphorylation 
The main compartment contained 0.10 ml. of MgsQ, (0.002 1), 0.05 ml. of giver! 
givcine buffer, 7.5 (0.005 4), 0.40 mi. of ATT (0.002 4), 0.20 ml. of evtochrome 
(10°* 0.05 ml. (0.01 0.10 ml. of 1162,.509 counts), 0.10 ml. of DPN 
wu), 0.50 ml. of Enzyme I in water. Total volume, 2.00 ml. Addition of «alts and 
sucrose as indicated. Time, 25 minutes. 


Acetoacetat« 


Solute added Oxygen uptake — PP esterified 
(mm. (7m. per 
None 72 149 5.7 
74 14s 
KO] 134 48.2 
NaCl 130 51.0 
“ sucrose 51.8 
0.13 * 138 


quirement may be due to the fact that the oxidations described take place 
in the mitochondria, which are known to be morphologically sensitive to 
tonicity of the medium. Since the phosphorylating oxidation under study 
occurs in preparations of mitochondria, an experiment designed to test the 
effect of tonicity was performed. The ionic strength of the test system was 
reduced as far as possible without impairing the oxidation by reducing the 
concentration of buffer and substrate, by omitting nicotinamide, and by 
suspending the enzyme in H,0 instead of saline. This served as a “‘hypo- 
tonic” control. In other vessels similarly arranged KCl, NaCl, or sucrose 
was added in amounts sufficient to approximate osmolarity. ‘The effects 
of these changes on the coupled esterification are shown in Table VII. 

It can be seen from the data that the oxidation of BOIL is virtually im- 
dependent of tonicity. However, the coupled esterification is dependent 
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on the tonicity of the medium, as are the complex oxidations of fatty acid 
or pyruvate in such preparations. It should be stressed that the require- 
ment of solutes in approximately osmolar concentrations in this svstem and 
in the fatty acid oxidase system should not be interpreted simply and solely 
on the basis of osmotic effects, since the character of the solute affects the 
condition of the mitochondria in other ways. For instance, in sucrose 
solutions the mitochondria are discrete and rod-shaped, whereas in isotonic 
saline they tend to agulutinate (12). This solute effect is evident also in 
the experiments of Potter et al. (25). 

Site of Coupling Reaction im Electron Transport Chain —In the experi- 
ments described the enzyme system causes electron transport from BOH 
to ONVECH. In Paper I (3) it was shown that esterification occurred during 
electron transport from DPNIIL, to oxvgen. It might be concluded that 
the esterification noted with the BOF system studied here occurs only 
during electron trensport between DPNH, and oxygen. On thermody- 
namic grounds esterification of phosphate during the interaction of BOH 
with DPN is unlikely, since the standard oxidation-reduction potential 
of the BOM dehydrogenase system is —0.293 volt (24) and that of DPN- 
DPNII, is approximately —0.28 volt (25) at pil 7.0. Participation of 
inorganic phosphate in this reaction has not been observed? (cf. (7, 24)). 

No esterification of phosphate could be observed coupled to a DPN- 
linked oxidation-reduction. The oxidation of BOH was allowed to occur 
anaerobically with oxalacetate as electron acceptor rather than the eyto- 
chrome system. ‘The enzyme preparations contain considerable malic 
dehydrogenase reactive with DPN. In the presence of the two dehydro- 
genases, then, BOIL will be oxidized by oxalacetate via DPN and aceto- 
acetate and l-malate would be the expected end-products. The potential 
of the malate-oxalacetate system is such as to cause the reaction to proceed 
predominantly toward reduction of oxalacetate. In Table VIII are shown 
data on this experiment. An aerobic control experiment with BOH alone 
as substrate showed the usual esterification. However, when BOH was 
oxidized by oxalacetate anaerobically, with all necessary components pres- 
ent and with about the same amount of electron turnover, as indicated by 
acetoacetate formation, no esterification occurred. Therefore, the DPN- 
linked oxidation-reduction, 


(1) L.3-Hydroxybutyrate + oxalacetate — acetoacetate + l-malate 


does not cause esterification of phosphate. 

The most decisive experiment to rule out interaction of BOH with DPN 
as the site of an esterification of phosphate would be to allow BOH to re- 
duce DPN anaerobically in the presence of the components necessary for 
phosphorylation without further reaction of the DPNH, formed. Such an 
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experiment requires the use of high concentrations of DPN as acceptor in 
order to obtain sufficient electron turnover, comparable to that usually 
realized in the aerobic system. Since high concentrations of DPN inhibit 
the over-all reaction, as already shown, it is obvious that a completely 
decisive experiment might be difficult to arrange. Several experiments of 
this type showed no esterification of P* under the conditions outlined. 
Aerobic controls with identical levels of DPN showed some esterification, 
although the amount of esterification in these controls was quite low. 
The réle of the cytochrome system in the esterification reaction was then 
examined in an effort to determine whether a functioning cytochrome sys- 
tem is essential in the esterification of phosphate coupled to electron trans- 
port between DPNHy, and oxygen. In the first type of experiment electron 


Taste VIII 


Absence of Esterification during Anaerobic Oxzidation-Reduction between 8-H ydrozy- 
butyrate and Ozxalacetate 
The main compartment contained 0.005 m MgS0O,, 0.02 m glycylglycine buffer, 
pH 7.6, 0.02 nicotinamide, 0.0005 DPN, 0.02 dl-8-hydroxybutyrate, and 0.01 
oxalacetate as indicated below, 103,700 counts per minute of P# as HPO,, 0.0013 « 
ATP, 10°* uw cytochrome c. The side arm contained 0.50 ml. of Enzyme | tipped in 
after 5 minutes equilibration with the gas specified. Time, 30 minutes. 


Substrate Gas phase Os uptake | P® esterified 
BOH .. O; 40 76 | 17.7 
None... 4 4 2.9 
Na 8 1.2 
Oxalacetate ...... 4 1.3 
BOH + oxalacetate . - 70 1.7 


transport from the BOH system to oxygen was shunted away from the 

cytochrome system by omitting cytochrome c, which is otherwise essential 

for electron transport, and causing the reaction with molecular oxygen to 

occur through the use of the autoxidizable carriers methylene blue and 

brilliant cresyl blue. These dyes are perfectly capable of substituting for 

the cytochrome system as far as oxidation of BOH is concerned. How- 

ever, as may be seen in the data of an experiment in Table LX, electron 

transport through the artificial carriers instead of the cytochrome system | 

causes a complete failure of the coupled esterification to occur. These 

data would therefore imply that a functioning cytochrome system is in- 

volved in the coupled phosphorylation. However, it should be mentioned —_ ‘ 
' that if both cytochrome c and either methylene blue or brilliant cresy! blue | : 

are present together no esterification occurs. Under these circumstances 
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it is impossible to determine whether the dye is preferentially used as car- 
rier instead of cytochrome, thereby causing non-phosphorylative oxidation, 
or whether the effect of the dye is to act as an inhibitor or decoupling agent, 


Taste IX 
Requirement of Cytochrome System for Esterification Reaction 
The main compartment contained 0.005 MgsSO,, 0.02 nicotinamide, 0.02 
glveylglycine buffer, pH 7.8, 0.02 8-hydroxybutyrate, 0.0005 DPN, 10-* cyto- 
chrome ¢, 366,600 counts per minute of P* as HPO, ,0.0015 wu ATP, dyes in the con- 
centrations stated below. 0.6 ml. of Enzyme I added to the main compartment 
at zero time to make a total volume of 2.0 ml. Time, 32 minutes. 


Carrier Or uptake P® esterified 
per cent 
0.00025 methylene blue 58 124 1.14 
122 0.44 


0.0005 “ brilliant cresy! blue 


TaBLe X 
Requirement of Cytochrome System for Esterification Reaction 

The main compartment contained 0.10 ml. of MgSO, (0.005 m), 0.10 ml. of glyeyl- 
glycine buffer, pH 7.4 (0.02 m) in the aerobic experiment or 0.10 ml. of NaHCO, 
(0.025 mu) in the anaerobic experiment, 0.10 ml. of nicotinamide (0.01 mu), 0.50 ml. of 
ATP (0.002 m), 0.10 ml. of DPN (0.0005 m), 0.20 ml. of cytochrome ¢ (2 K 10-§ m) in 
the aerobic experiment (omitted in the anaerobic experiment and replaced by 0.20 
ml. of KsFe(CN )s, 0.02 1), 0.10 ml. of BOH (0.02 m), 0.10 ml. of inorganic phosphate 
labeled with P® = 340,500 counts, and water. Enzyme I (0.50 ml.) tipped into the 
main compartment after a temperature equilibration of 5 minutes. Total volume, 
20 ml. Time, 18 minutes. Gas phases as indicated. 


Substrate Gas phase | Acceptor Os uptake 
| per cent 
None Air Oxygen 2 l 0.90 
BOH 6S 147 28.5 
None 95% N 25% CO, | KyFe(CN se 36* 2 0.55 
190* 133 0.37 


* These figures represent CO, liberated due to reduction of KsFe(CN).. They are 
not corrected for retention. 


perhaps in the same way as 2,4-dinitrophenol, in addition to serving as an 
electron carrier. ‘Therefore the cytochrome system was substituted with 
an entirely different type of acceptor, namely ferricyanide. 

In Table X are shown the data of an experiment in which the standard 
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aerobic system was compared with a similarly arranged system containing 
all components except evtochrome c, which was replaced by ferricvanide 
and bicarbonate buffer. Reduction of ferricvanide was measured man- 
ometrically (26). Acetoacetate formation was determined manometrically 
(27) after first liberating CO, from the bicarbonate buffer by short incuba- 
tion at pH 4.5. This was necessary, since ferricyanide interfered with the 
colorimetric method ordinarily used. As can be seen from the data, the 
control aerobic system showed the expected esterification. However, 
when ferricyanide was used as acceptor, no esterification occurred despite 
the fact that oxidation of BOH occurred at about the same rate in both 
the aerobic and anaerobic systems, as evidenced by the vields of aceto- 
acetate. 

In view of these data it may be tentatively concluded that an actively 
functioning cytochrome system plays an integral rdle in the enzyme system, 
causing esterification of phosphate coupled to the type of electron trans- 
port studied. 

In Paper I (3) it was shown that no esterification of phosphate occurred 
during electron transport between DPNIL, and high concentrations of 
cytochrome ¢ under anaerobic conditions or when cytochrome oxidase was 
inhibited by cyanide. This type of experiment was repeated with the 
BOH system as electron donor and high concentrations (0.002 m) of cyto- 
chrome c as acceptor. In such experiments it was felt that measurement 
of acetoacetate formed would provide an indication of the magnitude of 
electron turnover and therefore would be better suited for this test. How- 
ever, the presence of such high concentrations of cytochrome c caused some 
complications which did not permit a completely decisive experiment. As 
was shown before, high concentrations of cytochrome c inhibited the phos- 
phorylation considerably. In addition, the BOH dehydrogenase system 
was also strongly inhibited. With such extensive inhibitions it is likely 
that the action of phosphatases on ATP would far outstrip the rate of 
esterification. It must be recalled that a sufficiently high concentration 
of eytochrome c to provide substantial electron turnover involves the pres- 
ence of a very high concentration of the protein (0.004 ™ cytochrome ¢ 
represents a concentration of about 5.4 per cent of the pure protein). Non- 
specific protein interactions may be responsible for the large inhibitions 
observed. At any rate mo significant incorporation of P® occurred in sev- 
eral experiments. It would appear from our experience that demonstra- 
tion of the esterification reaction between IDDPNH, and evtochrome c offers 
practical difficulties. 

In Paper I experiments were described in which it was attempted to 
localize at least part of the esterification in electron transport between 
cytochrome ¢ and oxygen by using cysteine, hydroquinone, ascorbic acid, 
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etc., a8 non-enzymatic reductants of cytochrome c without finding any 
esterification except with aseorbic acid, which may be a special case. 
These experiments have been repeated under a variety of conditions with- 
out any significant positive results. It is felt that these experiments have 
some Validity in ruling out this phase of electron transport as a site of 
phosphate esterification, since cysteine, at least, does not inhibit the normal 
esterification coupled to BOH oxidation. An inhibitory or decoupling 
action of cysteine may therefore be excluded as explaining negative results 
when it is tested alone as a reductant of cytochrome ec. 


DISCUSSION 


The data reported in these two papers demonstrate quite conclusively 
that esterification of inorganic phosphate is coupled to electron transport 
between DPN, and oxygen in the system studied. These findings are 
not only compatible with thermodynamic analysis of observed efficiency 
data on oxidative phosphorylation but also provide a more comfortable 
distribution of phosphorylative loci within the Krebs cycle, in the light of 
the comments made in the introduction of Paper I (3) and the analysis of 
Ogston and Smithies (28). It would appear likely that, by analogy, TPN- 
linked oxidations may also be accompanied by phosphorylation. Work on 
this question is in progress. 

The efficiency ot the DPN-linked phosphorylation in the conversion of 
energy yielded on oxidation into phosphate bond energy has not been con- 
sidered in this paper. Obviously it will be important to know whether one, 
two, or more esterifications are coupled to this oxidation in approaching 
the mechanism experimentally and work on this question is in progress. 

The attempts described to establish whether esterification of phosphate 
occurs between DPNH, and cytochrome ¢ and between cytochrome ¢ and 
oxygen have viclded no decisive answer. Although it would appear that 
the failure to observe esterification of phosphate in the latter case, when 
cysteine was used as a non-enzymatic reductant of cytochrome c, was de- 
cisive, it can be argued that the activity of the enzymes responsible for 
such an esterification may be conditioned by phosphorylations taking place 
at some point in the electron transport chain prior to this phase. In any 
event, at this stage of our knowledge of such systems it would be unwise 
to accept negative results unconditionally. In the case of the exper.ments 
on phosphorylation coupled to electron transport between DPNH, and 
cytochrome ¢ (5), which must be acknowledged as the most likely site of 
a phosphorylation, the results have been negative despite the fact that the 
conditions of these anaerobic experiments were such as to be quite com- 
parable to control aerobic experiments as far as electron turnover was con- 
cerned. Here again some special condition of the experiments may be 
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responsible for the failure to detect phosphorylation. For instance it may 
well be that the phosphorylation requires the presence of molecular oxygen 
per se, not purely as an ultimate electron acceptor, but also to condition the 
activity of an essential catalyst. The question of the function of cyto. 
chromes a and > in electron transport comes to mind in this connection. 
Such a situation is also reminiscent of the findings of Stern and Melnick 
on the control of glycolysis in retina by an iron porphyrin catalyst (29) and 
the observations of Laser on the sensitivity of glycolysis in tissue slices to 
oxygen tension (30). 

The data presented also raise some questions concerning the mechanism 
of electron transport between DPN. and oxygen. The existence of TPN. 
cytochrome c reductase, a flavoprotein found in yeast catalyzing the reduc- 
tion of cytochrome ¢ by TPNH, (31), has focused attention on the possi- 
bility that a similar flavoprotein is responsible for the analogous reduction 
of cytochrome c by DPN. Evidence for the existence of such an enzyme 
has been presented by Lockhart and Potter (82) and by Altschul, Persky, 
and Hogness (33). In addition Potter has devised an assay method for the 
enzymes responsible for electron transport between DPN and cytochrome 
c (14). 

However, it is rather difficult to reconcile such a simple, one-stage, non- | 
phosphorylating electron carrier between DPN and cytochrome c with the 
observations we have reported. Our data indicate that two possibilities 
for this link are open. First, it is possible that there are actually two path | 
ways of electron transport between DPN and cytochrome c, one of which 
is non-phosphorylative and which does not require inorganic phosphate, | 
ATP, or Mg**. The second would be a pathway which does require the 
above factors and to which esterification of phosphate is coupled. The | 
second pathway is labile to aging (probably enzymatic destruction of an 
unknown essential component) and when it is thus inactivated all the elec- 
tron transport may be handled by the first pathway, which might well 
involve a simple flavoprotein carrier analogous to TPN-cytochrome c reduc- 
tase. An alternative explanation is that there is but one catalyst which 
may be phosphorylative or non-phosphorylative, depending on the presence 
and concentration of components necessary for phosphorylation. Since 
the esterification process must be simultaneous with the act of oxidation, 
there are only limited reaction possibilities. One might be mentioned. I 
a flavin prosthetic group is the actual electron carrier for both processes, in | 
a non-phosphorylating electron transport reduction of the conjugated 
double bond system yields the leuco form which is reversibly oxidized to _ 
regenerate the oxidized form. In a phosphorylative transport of electrons — 
the same molecule may be reduced and reoxidized by a different mech- ‘ 
anism, possibly involving one or both of the carbonyl groups of the iso-— 
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alloxazine ring as well as inorganic phosphate. The carbonyl groups de- 
serve special attention by analogy with the réle of carbonyl group oxidation 
in the esterification of phosphate coupled to the oxidation of glyceraldehyde 
phosphate. 

A mechanism involving DPN as phosphate acceptor during the reaction 
hetween DPNH, and the next carrier should not be overlooked in view of 
the known conversion of DPN into TPN in the presence of ATP (34, 35). 
Lipmann (5) and Ogston and Smithies (28) have discussed such energy 
“transformers” in general terms. 


SUMMARY 


The oxidation of 8-hydroxybutyrate to acetoacetate by molecular oxygen 
in a particulate fraction of rat liver requires the presence of diphospho- 
pyridine nucleotide and cytochrome c. No esterification of inorganic phos- 
phate occurs under these conditions. However, when adenosine triphos- 
phate and Mg**, which have no effect on the rate of oxidation, are also 
present, then inorganic phosphate labeled with P* is incorporated into an 
esterified form having the characteristics of the easily hydrolyzable phos- 
phate groups of ATP. This esterification is coupled to the oxidation. 
Acetoacetate oxidation is excluded as a factor in the esterification, which is 
therefore coupled only to the DPN-linked oxidation. ADP appears to be 
the specific phosphate acceptor. The enzymes responsible for the coupled 
esterification may be selectively inactivated or inhibited by certain com- 
pounds without affecting the oxidation itself. No esterification accom- 
panies the interaction of 8-hydroxybutyrate with oxalacetate via DPN. 
The cytochrome system is obligatory for the esterification accompanying 
BOH oxidation, since its substitution by artificial electron carriers or accep- 
tors causes the esterification reaction to be lost. Experimental attempts 
to localize the sites of esterification more closely have not given definitive 
answers. 


The author wishes to acknowledge indebtedness to Dr. Morris Friedkin 
and E. P. Kennedy for many discussions and suggestions. Thanks are 
also due Miss Miriam Trossman and Dr. Sam Barkulis for technical 
assistance. 
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STRUCTURAL REQUIREMENTS FOR SPECIFIC INHIBITORS 
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In a recent investigation (1) it was shown that the optical specificity of 
specific inhibitors of carboxypeptidase is opposite in sign to that of specific 
substrates. Thus p-phenylalanine is strongly inhibitory, whereas carbo- 
benzoxyglycyl-p-phenylalanine (CGP) is neither inhibitory nor hydro- 
lyzable (2, 3). Conversely, L-phenylalanine is not inhibitory, whereas 
Lt-CGP is the most readily hydrolyzable substrate for carboxypeptidase 
(4, 5). 

The present investigation was undertaken in an effort to determine the 
origin of this apparent paradox. In particular, it was desired to determine 
the effect of a free a-amino group and of other structural elements of p- 
phenylalanine on inhibition of the hydrolysis of L-CGP by carboxypepti- 
dase. The evaluation of the results was predicated on the assumption that 
only those compounds are specific inhibitors for carboxypeptidase which, 
by combining with the same active centers on the enzyme surface as does 
the specific substrate (L-CGP), produce competitive inhibition (6). 


EXPERIMENTAL 


Enzyme—Six times recrystallized carboxypeptidase was prepared as 
previously described (2, 7). 

Substrate and Inhilitors—The preparation of carbobenzoxyglycyl-L- 
phenylalanine (CGP) has already been described (2). 

N-Methyl-pi-phenylalanine and N,N-dimethyl-pL-phenylalanine were 
received from Dr. P. Handler. Both compounds had correct N contents. 
Carbobenzoxyglycine was synthesized in this laboratory by Mr. J. E. 
Snoke (8); carbobenzoxyglycylglycine was received from Dr. J. 8. Fruton. 
8-Phenylbutyric acid was synthesized according to standard procedures 
(9). pDi-a-Phenylethylamine, 8-phenylethylamine, phenylacetic acid, p- 
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nitrophenylacetic acid, hydrocinnamic acid, butyric acid, propionic acid, 
chloroacetic acid, and benzoic acid were Eastman preparations. 

Mcthods—Enzymatic measurements were carried out at 25° in a 0.04 
mu phosphate buffer, pH 7.5, containing 0.1 mw LiCl. Enzyme solutions were 
prepared immediately’ before the start of the enzymatic experiments from 
a stock solution containing about 0.2 to 0.5 mg. of N perce. The latter 
was prepared about every 3rd day by dissolving a stock suspension of 
crystals in 10 per cent LiCl. Calculated amounts of substrate (CGP) and 
inhibitor, respectively, were dissolved in buffer, adjusted at the glass 
electrode (Beckman) to pH 7.5, and diluted with buffer to the proper 
volume. Substrate and inhibitor solutions were then mixed and _ the 
enzyme solution added at zero time. The concentration of carboxypep- 
tidase in the final mixture was such as to cause more than 60 per cent hydrol- 
ysis within 120 minutes. The colorimetric ninhydrin method (11) as 
described by Schwert (12)? was used to follow the course of reaction. 
Each inhibitor was tested for possible interference with the color reaction. 
Only pt-a-phenylethylamine and §-phenylethylamine produced a color 
which was corrected for in the final readings. 


Results 
Lineweaver and Burk (6) have shown that the following equation applies 
to the competitive inhibition of enzymatic reactions: 


a V 


K; max. 


Here, v is the initial reaction velocity, and Vass. the maximum reaction 


velocity. ,, is the enzyme-substrate dissociation constant, (/) the in. | 


' Smith and Hanson (10) (private communication from Dr. Emil Smith) recently 
obtained evidence that crystalline carboxypeptidase is inhibited by orthophosphate, 
pyrophosphate, and other inorganic salts which combine with metals, notably with 
magnesium, which is probably an integral part of the enzyme molecule. Since inh: 
bition by orthophosphate is a slow reaction, requiring several hours for completion 
and amounting to about 10 per cent in the presence of 0.01 m phosphate and to about 
60 per cent in 0.1 m phosphate, it is unlikely that jthis type of inhibition played s 
significant réle in the present measurements or in those previously reported (1, 2,7) 
Thus all measurements were performed in the presence of 0.04 u phosphate, and phos- 
phate was withheld from the enzyme solution until immediately prior to the stan 
of the enzymatic analyses which were concluded within about 120 minutes. More- 
over, in the present work, determination of the extent of inhibition was based on 
initial velocity rates (30 minutes). 


* Although this method requires empirical correction for the color loss due to ox | 


dation, it has the practical advantage over the more precise method of Moore and 


Stein (13) that ammonia does not produce appreciable color interference with the — 


determination of the free amino acid. 
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hibitor concentration, A, the enzyme-inhibitor dissociation constant, and 
a the initial substrate concentration, all in moles per liter. In the case of 
competitive inhibition (1), a plot of 1/v against 1/a yields straight lines 
which intersect at a common ordinate intercept, provided (/) remains con- 
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Fic. 1. Competitive inhibition by various compounds of the hydrolysis of t-CGP 
by carboxypeptidase. 1/r» is plotted along the axis of the ordinate, and 1/ao along 
the axis of the abscissa, according to text equation (1), where vw is the moles per liter 
of substrate hydrolyzed in 30 minutes by 4 X 10~* mg. of enzyme N perce. ao is the 
initial substrate concentration. The straight lines are defined by the following sym- 
bols: @ = no added inhibitor; A = 0.002 m p-nitrophenyl acetate; O = 0.010 m 
b-histidine; = 0.0025 v-phenylalanine; @ = 0.002 phenyl butyrate; & = 0.002 
phenyl acetate; = 0.002 m hydrocinnamate. For K, values, see Table I. 


stant as a is varied. The increase in slope is a function of (J) and 1/Ky,. 
At equal concentrations of two inhibitors, the slope will be higher for the 
more potent inhibitor (higher 1/K,). 

For purposes of presentation and discussion, the inhibitors which have 
been studied are divided into three groups of which the first and second 
cause strictly competitive and non-competitive inhibition, respectively. 
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Taste I 

Enzyme-Inhititor Dissociation Constanta (Ki) of Competitive Inhibitors pr 
of Carbory pe plidase me 
Inhabitor Ky Inhibitor Ky ac 
ac 
ch 

vp-Phenylalanine*t 2.0 8-Phenylbutyrie acid 1.13 
p-Histidine* Phenvlacetic acid 
Hydrocinnamic acid 0.062 p-Nitrophenylacetic acid 2.5 
tal 


* See Elkins-Kaufman and Neurath (1). 
t This value was correctly stated in the text but erroncously given in Table il] 
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Fic. 2. Indeterminate and non-competitive (benzoate) inhibition, respectively, of 1 


by various compounds of the hydrolvsi« of by earboxs peptidase. Forane 
planation of the coordinates, see the legend to Fig. 1. The straight lines are define’ Fig. 
by the following symbols = no added inhibitor: © 0125 chloroa tate; if 
0.05 chloroacetate; A = 0.001 butyrate, 0.005 butwrate (this line is dete acid 
mined by two additional points which fall outside this graph. Thev are defined b shor 
the ordinates of SSD and corresponding the of 33 and respec 


tively); 00m propionate; 0.05 benzoate (non competitive inhibition 


| 
Inhibition caused by the members of the third group was of an indeter | alup 
minate type. 
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Competitive Inhititors In addition to p-phenylalanine and p-histidine, 
previously reported (1), the following compounds were found to cause com- 
petitive inhibition of the system earboxypeptidase-L-CGP: hydrocinnamic 
acid, 8-phenylbutyrie acid, phenylacetic acid, and p-nitrophenylacetic 
acid. This is evidenced by the relative positions of the linear relations 
shown in Fig. 1. From these graphs, enzyme-inhibitor dissociation con- 
stants, K,;, were calculated according to equation (1). The results are 
given in Table [ in which, for comparison, analogous data previously ob- 
tained for p-phenvlalanine and p-histidine are likewise included. 

Non-Com petitive Inhitntors the compounds tested in this work, only 
benzoic acid was found to cause non-competitive inhibition. In the pres- 


Il 
Compounds Whick Fadl to Cause Demonstrable Inhibition of System 
Carborype ptidase-L-CGP 


Substrate 

Hippuric acid 5 2.37 24.2 21.5 
Carbobenzoxvglvcine 1.25 27.3 27.5 

3.44 3.00 19.0 18.0 


* Care. denotes the proteolytic coetlicrents for the hydrolysis of L-CGP without 
added inhibitor, and Cy. those determined in the presence of the compounds tested 
for inhibitory activity. The latter were determined from the initially linear course 
of the curves obtained when the data were plotted according to first order reaction 
equations. Cu... was determined by interpolation of the graph shown in Fig. 3 

H 


ence of 0.05 Mt sodium benzoate, the maximum velocity of the hydrolysis 
t-CGP, was decreased 5.5-fold. The results are included in 
Fig. 2. 

Indeterminate Indatntion \nhibition caused by butyric acid, propionic 
acid, and chloroacetic acid was of an indeterminate type. Although, as 
shown in Fig. 2, linear relations were obtained when, for each inhibitor 
concentration, le was plotted against | /a, bot h the slope and the ordinate 
intercept were changed as compared to the control measurements (L-CGP 
alone). It may be significant that in relatively low inhibitor concentra- 
tions the linear plots tended to be more nearly parallel to that obtained for 
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the hydrolysis of L-CGP alone (control), whereas in relatively higher cop. 


centrations they tended to affect the slope as well. This is true for butyric | 


acid and chloroacetic acid, which were tested in two concentrations, and 
suggests an approach to competitive inhibition in higher concentrations 

Non-Inhibitors—Mono- or disubstitution of methyl groups into px. 
phenylalanine abolishes completely the inhibitory activity of the paren 
p-amino acid. Since hippuryl-t-phenylalanine is a potent substrate foe 
carboxypeptidase,’ it was important to find that both reaction products 
.¢. L-phenylalanine (1) and hippuric acid (Table 11), are non-inhibitory 
Carbobenzoxyglycine and carbobenzoxyglycylglycine are entirely devoid of 
inhibitory activity. 8-Phenylethylamine, the decarboxylated analogy 
of phenylalanine, and its a isomer have no effect on the enzymatic activity 
of carboxypeptidase. 


DISCUSSION 


The present results afford a correlation of the inhibitory activity of th 
compounds that have been tested with the structural requirements fo 
specific combination with carboxypeptidase. Such an analysis is limited 
however, by the lack of information on the chemical and structural char. 
acteristics of the active groupings on the enzyme surface. 

The most potent competitive inhibitor of carboxypeptidase previously 
described (1) is p-phenylalanine.* Significant structural elements of ths 
compound which may be responsible for, or influence, combination with the 


enzyme are as follows: (1) the a-amino group, (2) the phenyl ring, (3) the | 
a-carboxyl group, (4) the distance of separation between the phenyl ring | 


and the carboxyl group, and (5) the optical configuration. The contribe- 
tion of these to inhibition will now be considered, though not necessarily 
in the order named. 

The data given in Table I demonstrate that climination of the amino 
group of p-phenylalanine greatly enhances the inhibitory activity of the 
resulting compound. Thus the affinity constant (1 A;) of hydrocw 
namic acid, the deaminated analogue of phenylalanine, is 32 times greater 
than that of p-phenylalanine. Since at the pH of the measurements (pli 
7.5) both compounds are completely ionized, the higher affinity of hydro 


* Snoke, J. E., and Elkins-Kaufman, E., to be published. 

* The fact that A, (carboxypeptidase-COUP) is 17 times greater than A, (carbon 
peptidase-p-phenylalanine) does not necessarily imply that the affinity of the inhale 
tor for the enzyme is greater than that of the substrate, as has been previous) 
suggested (1). Since A, is (hy + whereas Ay is (lor definition of sym 


bols, see (1)), comparison of the relative affinities requires knowledge of either ¢, ¢ 


ky for the hydrolytic reaction, which cannot be obtained from these rate measure 
ments. However, K; values for two or more specific inhibitors are in strict reciprocs 
proportions to their respective affinities for the enzyme. 
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cinnamic acid cannot be ascribed to the lower dissociation constant of the 
carboxyl group. Rather, it has to be assumed that steric hindrance or 
electrostatic repulsion by the amino group interferes with a close approach 
of p-phenylalanine to the enzyme surface. 

There is strong evidence that both the phenyl ring and the carboxyl group 
are foci of enzyme-inhibitor interaction. If the distance of separation 
between these groups is increased or decreased, the resulting compounds are 
leas effective inhibitors than is hydrocinnamic acid. Thus the interposition 
af one methylene group (3-phenylbutyric acid) decreases the affinity con- 
stant 18-fold as compared to hydrocinnamic acid, whereas shortening of the 
chain by one methylene group (phenylacetic acid) decreases the affinity con- 
stant 6-fold (Table I). Lf the phenyl ring is adjacent to the carboxyl group 
(benzoic acid), non-competitive inhibition of relatively low order results. 

If the phenyl! group of hydrocinnamic acid is replaced by a methyl group 
(butyric acid), non-specific inhibition of undeterminate type ensues (Fig. 
2). In concentrations in which hydrocinnamic acid causes strong com- 
petitive inhibition, butyric acid produces nearly non-competitive inhibition. 
In higher inhibitor concentrations, however, a tendency toward additional 
competitive inhibition is evidenced by the increase in slope at a higher 
ordinate intercept. A similar trend may be observed for the less active 
chloroacetic acid. Thus the binding of the first increments of these fatty 
acids by the enzyme appears to involve catalytically inactive groupings 
and to follow a more general pattern previously observed for the interac- 
tion of proteins with fatty acids and synthetic detergents (cf. (14-18)). 
Additional increments of bound fatty acids affect the enzymatically 
active groupings as well, either by direct interaction or by steric inter- 
ference with the approach of substrate molecules to the enzyme surface. 

The 6.4-fold decrease in affinity which results from p substitution of a 
nitro group into the phenyl! ring of phenylacetic acid provides additional 
evidence for the contribution of the phenyl group to interaction with the 
enzyme. Both steric and electrostatic effects could account, however, 
for the lower affinity of p-nitrophenylacetic acid for the enzyme as com- 
pared to the parent unsubstituted acid. 

A specific interaction between the enzyme and the carboxyl group of 
inhibitors is suggested by the well established fact that only peptides which 
contain this group are specific substrates for carboxypeptidase (3-5). 
The observed lack of inhibition by 8-phenylethylamine, the decarboxylated 
analogue of phenylalanine, agrees with these considerations.* 


* Non-enzymatic determinations of the affinity constants of specific inhibitors for 
carboxypeptidase, by equilibrium dialysis measurements, are being carried out and 
will be reported later. 
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Substitution of one or two methyl groups into the amino group of p. 
phenylalanine completely eliminates the inhibitory activity of the parent 
compound. This effect cannot be ascribed to intramolecular electrostatic 
factors, since the pK of the amino group is only little increased by N 
substitution (compare ph, of glycine and sarcosine (19)). Alternatively, 
it has to be assumed that steric hindrance caused by the introduction of 
even one methyl group (\-methyl-pt-phenylalanine) is sufficient to inter. 
fere with the combination of the amino group of p-phenylalanine with the 
enzyme. For the same reason, p-CGP fails to be bound by carboxypepti. 
dase, as evidenced by its inactivity as either inhibitor or substrate. 

The fact that the L isomer of CGP is hydrolyzed by carboxypeptidase 
suggests that the peptide group is oriented with respect to the enzyme 
surface in opposite direction to that of the same group in the pb peptide, 
and opposite also to the substituted amino group of N-methyl-p-phenyl- 
alanine and N ,N-dimethyl-p-phenylalanine for which it has already been 
concluded that steric effects prevent attachment. However, since th 
orientation of the amino group of L-phenylalanine is presumably in the 
same direction as the peptide group of L-CGP, the lack of inhibition by 
L-phenylalanine has to be accounted for. 


Kinetic measurements (1) indicate that at pH 7.5 the rate of desorptio » 


of L-phenylalanine is not a determining step in the kinetics of hydrolysis o 
L-CGP by carboxypeptidase, since L-phenylalanine, even when present 
in stoichiometric excess, does not retard the rate of hydrolysis. Accord. 
ingly, it has to be concluded that the positive charge on L-phenylalanine, 
created by hydrolysis of the peptide, is sufficiently close to the active 
centers on the enzyme surface to interfere by electrostatic repulsion with 
combination. Conversely, we conclude that the positively charged amine 
group in p-phenylalanine would be sufficiently distant from the enzym 
surface to prevent exertion of its full electrostatic repulsion, but cloe 
enough for steric hindrance to be introduced by the substitution of one « 
two methyl groups. On the basis of this interpretation, L-phenylalanm 
would be expected to cause inhibition if the amino group is in the unionizé 
form.* This has, indeed, been verified in experiments at pH 9 in whied 
about 42 per cent of phenylalanine is in the antonic form (pK, = 9.13 (19). 
In these measurements, 0.04 m borate buffer, pH 9, containing 0.1 w LiC 
was used.’ The substrate concentration (L-CGP) was varied from 0.4 
u to 0.019 m, and the concentration of L-phenylalanine maintained ats 


constant level of 0.0055 m (0.00233 m with respect to the anionic form. 


Strictly competitive inhibition was observed. K, was 6.8 x 107%, and 
* This suggestion was made by Mr. 8S. Kaufman. 
’ Detailed measurements on the effect of pH and temperature on the hydrolysis # 
L-CGP by carboxypeptidase will be published elsewhere 
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K;, calculated from the anionic concentration of L-phenylalanine in the 
mixture, Was 5.7 X 10°%. The corresponding affinity constant (1/K,) is 
about 35 per cent of that of the zwitter ionic form of p-phenylalanine at 
pH 7.4, indicating that steric interference caused by the closer proximity 
of the amino group of L-phenylalanine to the enzyme surface, as compared 
to the p form, has a greater antagonistic effect than the electrostatic re- 
pulsion by a positive charge on the enzyme surface. The latter is probably 
operative in the attraction of the free carboxyl group of peptides and in- 
hibitors to the enzyme. However, steric factors are influential as well, 
since complete elimination of the amino group causes an additional in- 
crease in the affinity of the resulting compound. 

The present findings that carbobenzoxyglycine and carbobenzoxyglycyl- 
glycine are entirely devoid of inhibitory activity are in accord with the 
observations that these compounds are practically resistant to hydrolysis 
by carboxypeptidase.” Any appreciable degree of enzymatic hydrolysis 
would require some measure of interaction with the enzyme, which should 
have been detected in the present measurements in which relatively high 
concentrations of these compounds were used (Table IT). 

In view of the recent demonstration of the hydrolysis of tryptophyl pep- 
tides by carboxypeptidase (21), the inhibitory effect of pL-tryptophan on 
the splitting of L-CGP was tested. Because of the greatly limited solubil- 
ity of this amino acid, only low concentrations (0.005 m with respect to 
b-tryptophan), insufficient to cause measurable inhibition, could be em- 
ployed. 

This work has been supported by the Rockefeller Foundation and by 
the United States Public Health Service, National Institutes of Health, 
Division of Grants and Fellowships. 


SUMMARY 
The structural requirements of specific inhibitors for carboxypeptidase 
were determined on analogues of p-phenylalanine, the most potent inhibi- 


*The calculated proteolytic coefficient, C, for the hydrolysis of carbobenzoxy- 
giyeyiglycine by carboxypeptidase (20) is only 0.02 per cent of that for the hydrolysis 
af LCGP. Thus about 20,000 times the amount of carboxypeptidase would be re- 
quired to cause the same extent of hydrolysis of carbobenzoxyvglveviglycine in the 
same time as is required for the hydrolysis of t-CGP. It is highly questionable 
whether such extremely low hydrolysis rates may be regarded as evidence for specific 
enzymatic activity unless it can be demonstrated that hydrolysis of the substrate is 
neither spontaneous nor caused by the presence of traces of other enzymes in the 
crystalline preparation of carboxypeptidase. Similar considerations apply to the 
reported hydrolysis rates of carbobenzoxy-L-tryptophylglycine, carbobenzoxy-L- 
tryptophyl-.-proline, and carbobenzoxy-L-tryptophan by carboxypeptidase (21) 
which are likewise of relatively low magnitudes. 
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tor previously described. Competitive inhibition of the system carboxy. 
peptidase-L-CGP was observed by the compounds hydrocinnamic aeid, 
8-phenylbutyric acid, phenylacetic acid, and p-nitrophenylacetic acid, the 
inhibitory activity of these compounds decreasing in the order named. (Oj 
these, hydrocinnamic acid is 32 times more effective than p-phenylalanine. 

From a comparison of these results with those obtained with other com. 
pounds, some of which were non-competitive inhibitors or inhibitors pro- 
ducing an indeterminate type of inhibition, while others were entirely 
non-inhibitory, the optimal structural attributes required for specific 
combination with carboxypeptidase were evaluated. 


Addendum—Contrary to authoritatively expressed views (22), which have algo 
been accepted in this paper, strictly ‘“‘non-competitive™’ inhibition is not charae. 
terized by parallel lincs when the data are plotted according to equation (1), since 
both slope and intercept must change in order for A, to remain constant ((23) foot. | 
note 2). Reevaluation of the present data has shown that benzoic acid approximate 
“uncompetitive’™ inhibition instead of ‘non-competitive’ inhibition, whereas those 
compounds which exhibit “indeterminate” inhibition fail to adhere to any of the 
categories described by these authors. The conclusions stated for **indeterminate” 
and for strictly “competitive” inhibitors, therefore, remain unaltered. 
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SYNTHETIC ACTION OF PHOSPHATASE* 
I. EQUILIBRIA OF BIOLOGICAL ESTERS 


By OTTO MEYERHOF ann HARRY GREEN 


(From the Department of Physiological Chemistry, School of Medicine, University 
of Pennsylvania, Philadelphia) 


(Received for publication, December 1, 1948) 


While several attempts have been made to calculate the free energy con- 
tent of the energy-rich phosphate bonds (1—4) in intermediary carbohydrate 
metabolism, comparatively little is known about the energy value of the 
bonds of ordinary phosphate esters. We have undertaken to bridge this 
gap by measuring the enzymatic equilibria reached in the synthesis of 
various biological phosphate esters. As alcohols for phosphorylation we 
have used the common hexoses (glucose, fructose, mannose, and galactose), 
glycerol, and glyceric acid. The results with glycerie acid will be reported 
separately. 

Although the synthetic action of unpurified phesphatase from various 
organs Was observed at an early date with polyhydrie alcohols and sugars 
(5-7), the enzymatic equilibrium has been measured with glycerol (7, 8) 
and methyl alcohol (9) only. 

We have obtained the synthesis of the phosphate esters of all the natural 
sugars studied in the presence of alkaline phosphatase. Glucose and 
fructose were also phosphorylated in the presence of acid phosphatase de- 
rived from the (human) prostate gland. 

Although these phosphatases seem unspecific regarding the nature of 
the sugar or polyhydric alcohol, the synthesized esters were all of bio- 
logical configuration; 7.¢., the hexose was phosphorylated in the 1 or 6 
position or in both. Glycerol and glyceric acid were phosphorylated pre- 
ponderantly on the primary alcoholic group with both alkaline and acid 
phosphatase. 

K, the equilibrium constant, is calculated from the concentrations at 
equilibrium according to the equation 


(inorganic phosphate) [alcohol] 


(1) 


iwater) lester] 


*This work was aided by grants from the American Cancer Society, recom- 
mended by the Committee on Growth of the National Research Council, and the 
Division of Research Grants and Fellowships of the National Institutes of Health, 
United States Public Health Service. 
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in which the brackets refer to molar concentration. In determining the 
standard free energy (AF°) trom the equation 


AF® = =—RT In (2 


the convention proposed by Lewis (10) has been followed, which assumes 
the standard state of the solutes to be 1 molal, but that of water to be pure 
water and equal to 55.5 molal.! Therefore, 


A X 55.5 


and 
= in (K X 85.5) (3 


The end-points of synthesis reached for the given time intervals repre- 
sent the true thermodynamic equilibria, at least for the main ester com- 
ponent formed, This presupposes, of course, that the activity of the 
enzyme is high enough to reach such an end-point. When this is doubtful, 
the experiment must be discarded. In cases in which several component 
esters are formed the equilibrium must be calculated for each single com- 
pound, The accuracy of the experiments, however, permitted an exact 
calculation for the main component only and an estimate for the other 
components present. 


Materials 


Phosphatase— Alkaline intestinal phosphatase purified according to 
Schmidt and Thannhauser (11) and a sample of acid phosphatase from 
human prostate gland prepared by Dr. Schmidt* were used. 

Sugars— The sugars used were of the purest commercial preparations 
available: Merck anhydrous glucose, Merck levulose, Paragon galactose, 
and Fisher Scientific mannose. 

Glycerol—Baker’s Analyzed glycerol containing 4.3 per cent moisture by 


weight was used. 
Methods 


All incubations were conducted at 38°. 
Besides measuring the total amount of esterified phosphate after remov- 
ing the inorganic phosphate by magnesia mixture, we have in every cas 


‘We thank Dr. H. Borsook for a valuable discussion of these points. The nu — 


merical value of K in this case is the same whether molar or molal concentrations 
are used. 

? We thank Dr. Gerhard Schmidt who has kindly supplied us with several batches 
of alkaline and acid phosphatase prepared by himself, and also privately informed 
us of some new modifications in the procedure of Schmidt and Thannhauser whieb 
we have adopted to increase considerably the total yield of the purified enzyme. 
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isolated the barium salts and analyzed them according to the usual pro- 
cedures. 

Phosphate-—-Phosphate was determined by the method of Fiske and 
Subbarow (12) as modified by Lohmann and Jendrassik (13). 

Ketose—The ketose content was determined by the method of Roe (14). 

Hydrolysis The hydrolysis curves of the barium-free esters were de- 
termined according to the procedure of Lohmann (15) at 100° and in 
x HCl. 

Hexose Diphosphate The amount of fructose-I ,6-diphosphate present 
was determined with muscle zymohexase in the presence of KCN aeccord- 
ing to the procedure of Meyerhof, Ohimeyer, and Modhle (1) and Herbert 
et al. (16). 

a- and 3-Glycerophosphale--Yor determining the amount of a-glycero- 
phosphate in the presence of the 3 isomer the periodate method of Fleury 
and Paris (17) was used. 

The initial composition of the concentrated sugar solutions was found 
by measuring the specific gravity, the optical rotation, and the content 
of inorganic phosphate. In the course of the experiments it was ob- 
served that a slow enolization took place in the sugar solutions incubated 
at 38° independently of any action of the enzyme, resulting in the forma- 
tion of the corresponding isomers. In each experiment, therefore, the 
extent of the enolization was determined, ¢.¢., the aldose content in the 
fructose experiments and the ketose content in the aldose experiments, 
by measuring the increase or decrease in the Roe value of free ketose. 
For calculation of the equilibrium constants, these values were deducted 
from the concentration of the reacting sugars. Similarly, the concentra- 
tions of the corresponding phosphate esters formed therefrom were de- 
ducted from the total phosphate esters in the respective equilibria. Since 
the percentage of the enolized free sugars was roughly, and, in some cases, 
exactly, equal to the percentage of the corresponding phosphate ester, 
the K values were not appreciably affected. 


Experimental 


A representative experiment with fructose is described in detail as il- 
lustrative of the general procedure and _ results. 

Fructose—A solution of fructose (2.7 gm.), 0.9 ml. of 2.75 Mm NasHPO,, 
and 1.2 ml. of purified intestinal phosphatase (activity, 3774 units per ml. 
as defined by Schmidt and Thannhauser) was incubated at 38°. The 
concentration of organic phosphate was determined periodically. After 
2 hours of incubation, when the slope of the curve obtained by plotting 
the organic phosphate concentration against time in hours (Fig. 1) in- 
dicated the attainment of equilibrium, the remaining reaction mixture 


he 
ul, 
m- 
ct 
eT 
to } 
om | 
yee, 
by 
ov- 
nu- 
10ns 
ches 
mec | 
hich 
\ Ine 


658 SYNTHETIC ACTION OF PHOSPHATASE. 1 


was deproteinized with 40 per cent trichloroacetic acid. After removal | 


of the inorganic phosphate with magnesia mixture, the barium salts were ’ 
precipitated with barium acetate and alcohol, purified by reprecipitation, ‘ 
and dried. Weight of barium salts, 05 mg. ( 
Analysis—22 mg. Ba salts in 14.0 ml. solution (Ba** removed) 
Organic P..... 62.7 y P per ml., 4.00°; 
2 of hexose content 
FF 
5- 
2 
oO 
Y 
2r in 
z 
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Ex 
60 120 HOURS 180 ) 


Fic. 1. Speed of synthesis. Phosphorylation of fructose (FR), mannose (MA), 
and glycerol (GLY), at 38’, pl 8.5, in the presence of purified alkaline intestinal 
phosphatase and NaglIPO,. Ordinate, molar concentration X 10° of phosphate es- 


ter formed. Abscissa, time of incubation in hours. M 
I\ 

The hydrolysis values and the corresponding literature values for the | - 
component esters are given in Table I. For each time period of hydroly- iN 
sis an equation of the form ax + by + cz + dw = .1 may be written, where v) 


a, b, c, and d represent the literature values corresponding to the com- 
ponent esters, z, y, z, and w. A is the amount of inorganic P liberated. 
The solution of these equations by the method of simultaneous equations ' 
or of least squares gave the following quantitative distribution of esters: 

fructose-1-phosphate, 64.3 per cent; fructose-6-phosphate, 29.4 per cent; resy 
fructose-1 ,6-diphosphate, 2.3 per cent; glucose-6-phosphate,? 4.1 per cent. cent 


* The iodometric method of Willstitter and Schudel (21) as modified by Robison ‘fue 
and MacLeod (22) was found inapplicable for the determination of the small amount the 
of glucose-6-phosphate in the above mixture. over 
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The main result of the fructose experiments (Tables Il and II1) may be 
briefly stated as follows: enzymatically only those esters are formed which 
are derived from the sugar without change in configuration. The aldose- 
6-phosphate may be accounted for by the phosphorylation of the aldose 


Tassie I 


of Esters in Fructose | rime nis 


Hydrolysis at 107 in 1 ws HO! Literature values, hydrolysis 

ner mi ruc tose-1 ructose-@- F ruc tose-1, 6- Glucose-6- 

Libs Hvydrolysi-« phosphate phosphate diphosphate phosphate 
1A (19 2u 19) 

per ceni per ceni per cent per cent per cent 
7 $1.6 M4 70.2 0.6 30.0 0.4 
15 38.8 61.9 13.0 14.9 1.0 
30 2.4 100.0 24.4 57.0 1.5 
57.2 91.2 100.0 83.6 9.7 

Taste Il 


Formation of Fructose Phosphates 
In all experiments but the last the pIl was 8.5; in Experiment VII the pH was 5.8. 
The enzyme activity in all experiments but No. IVA was about 1000 units per ml.; 
in Experiment IVA it was 3770 units per ml. The initial water concentration in 
every experiment was 30.0 M. 


Initial molar Final molar concentration 


concentration 
Time | Fruc- | Fruc- | Free | | Ent 
ment Ph Total tose-1- tose-6- cose-6 global 
Fructose ester phos phos- | phos 
x 10 phate phate phate | 
x10? xX | 108 | 
i 
hes. | per cent 
M 20 64.71 O61 (4.65)f 6.0 | 1.55 
IV 268 4.02 0.675 3.52 4.22) 2.10 0.157, 0.00; 11 (| 1.24 
IVA 42 | 4.02 0.629 3.84 | 6.38 | 4.10 1.88 0.144 0.262 3 | 1.17 
V 552 | 4.02 0.655 3.48 5.88 3.82 1.34 0.241 0.458 11.9 | 1.34 


VII 168 0.700 3.51 2 6 1.41 O.91 0.115 0.170 12 | 3.44 


* Based upon total organic esters at equilibrium without correcting for enoliza- 
tion. 
t Value not corrected for enolization. 


resulting from the partial enolization of the fructose. The high con- 
centration of fructose-l-phosphate (65 per cent) compared to that of 
fructose-6-phosphate (28 per cent) indicates that the phosphate bond in 
the 1 position possesses much less energy than in the 6 position. More- 
over, fructose-l-phosphate facilitates the phosphorylation of the 6 posi- 
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tion to give 2.3 to 4.17 per cent fructose-1 ,6-diphosphate (and twice as 
much based on the phosphate esterified), as is evident from the following 
consideration: since the total ester represents only 1.5 per cent of the free 
fructose present, on the basis of random phosphorylation of the 6 position 
of fructose-1-phosphate (as would occur if free fructose were present in the 
same concentration) much less should form. The formation of about 10 
times this amount of the diester shows that less energy is needed to esterify 
fructose-l-phosphate in the 6 position than is needed to esterify fructose 
itself in the same position, and even to esterify fructose in the favored | 
position. A for fructose-l-phosphate at pH 8.5 is 1.79; at pH 5.8, 53.5; 
K for fructose-6-phosphate at pH 8.5 is 4.2; at pH 5.8, 8.67. Finally, for 
fructose-1 ,6-diphosphate starting with fructose-l-phosphate, A’ at pli 


Taste Lil 
K Values for Fructose Esters 
| Fructose-1,6-diphosphate 
Direct tose-1-phos- 
| a | | 
IV 8.5 109 | 8.40) 46.3 0.545 
8.5 | 1.81 5.15 | 2.1 | 0.314 
| 1.25 | 1.77 4.2 42 (0.465 
vil 5.8 | 3.44 | 5.58 8.67 69.1 | 0.275 


8.5 is 0.465; at pli 5.8, 0.275; starting with fructose, A at pH 8.5 is 42; 
at pil 5.8, 69. 

Glucose, Galactose, and Mannose—The experimental conditions and 
procedure were essentially similar to those employed in the fructose ex- 
periment described previously. The kefose phosphate was determined by 
the method of Roe (14) and calculated as fructose-6-phosphate according 
to Umbreit (23). 


Analysis —10 mg. Ba salt of glucose phosphate per 5.0 ml. (Ba** removed). 


Organic P content 00.5 y per ml. (0.525 mg. hexose) 
Roe value 23.5°* fructose 
“  eorrected for 
fructose-6-phosphate = 74% of hexose content 


The hydrolysis values and the corresponding literature values for the — 


component esters are given in Table IV. By correlating these values 4s 
described previously, the following quantitative distribution of the esters 
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was obtained: glucose-l-phosphate 9.0 per cent, glucose-6-phosphate 
83.6 per cent, fructose-6-phosphate 7.4 per cent. 

Since the equilibrium ratio of glucose-6-phosphate to glucose-1-phosphate 
is about 20 (25), not more than 5 per cent of the latter ester can form. 
Because of the uncertainty of the exact distribution of glucose-1-phosphate 
and glucose-6-phosphate, for the purpose of calculating the equilibrium 
constant the amount of the latter ester was taken as the difference between 
the hexose content of the ester as calculated from the organic phosphorus 
and the ketose content as determined by the method of Roe. The same 
reasoning applies to the galactose and mannose phosphates for which the 
equilibrium ratios of the 6- to l-esters are not known; the hydrolysis curves, 
however, indicate the presence of from 7 to 10 per cent of the 1-ester. 


Taste IV 
Distribution of Esters in Glucose Experiments 
Total organic P per ml. = 201 y; hydrolysis at 100° in 1 n HCI. 


Literature values, hydrolysis 


P per mil. 


liberated Glucose-1- Glucose-6- Fructose-6- 
phosphate (24) phosphate (19) phosphate (19) 

min. 7 per cent per cent per cent per cent 
7 19.0 9.45 0.4 9.6 
15 25.0 12.4 100 1.0 13.0 
30 31.5 15.7 1.5 24.4 
90 42.0 23.3 5.2 59.6 
80 30.3 9.7 83.6 


61.0 


Tables V and VI summarize the results of the aldose experiments. All 
the ketose esters herein may be considered to arise by the partial enoliza- 
tion of the aldose sugar and subsequent phosphorylation. If this is taken 
into account, then practically only aldose-6-phosphate is formed from the 
corresponding aldose, besides a few per cent of the corresponding aldose- 
l-phosphate. The average value of A for glucose-6-phosphate at pH 
8.5 Is 2.02; at pIl 5.8 A lies between 4 and 5. The one experiment (No. 
VII) with a dilute solution of glucose gave x» A value of 1.4. For ga- 
lactose-6-phosphate at pH 8.5, K is 2.32. The one experiment with man- 
nose gave a somewhat smaller A, 1.40. 

Glycerol—The procedure of sampling and of isolating the barium salts 
was essentially similar to that employed in the sugar experiments. The 
excess NH; was removed, prior to the precipitation of the barium salts, 
by gentle boiling for a few minutes. The barium glycerophosphates were 
repeatedly purified by reprecipitation until the periodate determination 
of the a isomer gave a constant value. 
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An analysis of Experiment II follows: Twice purified barium salt: of 

10 mg. per 5.0 ml. (Bat? removed); organic P = 150 y per ml., 0.445 mg. 07 

of glycerol. A 2.0 ml. sample required 2.23 ml. of 0.00850 ~ I, for titration | 


mi 
\ Ok 
Formation of Glucose Phosphates fas 
The pil in all experiments but the last was 8.5; in Experiment VI the pH was 5.8. on 
The enzyme activity was 1000 units per ml. in all experiments. ‘pl 
Initial molar concentration Final molar concentration K ho 
aunt He. Time | Phos- Enol | Giu- 
| wa 
hrs. | | per cent 
A 140 | 3.93 0.405 29.3 3.9 2.36 (2.12) 0.24 2.27 | 2.38 
Cc 170 | 3.93 | 0.527 | 29.3 3.24 2.3 
268 4.2 | 0.675 | 27.83.96 4.53 4.20 0.335) 4.6 2.07 | 2.13 
$50 4.2 | 0.752 | 27.8 3.93 (5.5 4.71 0.781 | 5.5 | 1.89 | 2.09 The 
Vil 216 2.38 0.555 41.5 2.27 2.16 2.04 0.082 3.8 14 1.43 
Average 20 2M ment 
VI | 170 4.2 | 0.655 27.8 4.18 2.17 4.3 
| 
Value in parentheses not corrected for enolization. 4 
4: 
Tanie VI 4] 
Formation of Galactose and Mannose Phosphates — 
pH 8.5; enzyme activity, 1000 units per ml.; 9 per cent enolization. Ay 
ane mies Final molar concentration A l 
mentNo| =| Time) Total | Aldose-| Ketose | 
Aidose| | |Aldose! ester |S | PHOS | Crobal | high 
| «phate x 108 | te | phate 
| | | 10) x he insu! 
| bes. | | | per 
M | Galactose | 170 | 2.60 0.76! 37 | 2.57 2.92 | 1.82 for t 
V ™ $28 2.78 0.987 37.2 | 2.50 3.29 | 2.78 | 0.206 2.13 | 2.00 of ti 
168 | 2.78 0.087 37.2 | 2.50 3.01 | 2.76 | 0.270 2.35) 2.8 
VI | Mannose 264 4.2 0.653 27.8 3.78 6.24 5.71 | 0.528 1.41 1.40 rsa 
5-gly 
of the excess Na,AsO, (0.01 Nn), equal to 0.438 mg. of glycerol per ml. Th 
98 per cent a-glycerophosphate. are t 
The procedure was repeated with thrice purified barium salt; 10 mg of th 
per 5.0 ml. (Ba** removed); organic P = 164 y per ml., 0.487 mg.@ than 
glycerol. A 2.0 ml. sample required 2.36 ml. of 0.00875 ~ I, for titration | — goys 
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of the excess NasAsQ; (0.01 N), equal to 0.475 mg. of glycerol per ml., 
97.5 per cent a-glycerophosphate. 

The equilibrium for glycerophosphate has been quantitatively deter- 
mined by Kay (7) with crude alkaline intestinal phosphatase and by 
Ohlmeyer (8) with acid phosphatase from human prostate gland. The 
former found A = 0.68 at pH 8.5 and the latter A = 1.8 at pH 5.8. Our 
own values (Table VII) are quite similar: 0.63 for alkaline phosphatase 
(pH 8.5) and 1.5 for acid phosphatase (pIl 5.8). In one essential point, 
however, our results differ from those of Ohlmeyer. According to him, 
equal amounts of the @ and 8 ester were formed. We found, however, 
that with both alkaline and acid phosphatase 98 per cent of the glycero- 
phosphate formed consisted of the @ isomer. That this comparatively 


Taste VII 
Formation of Glycerophosphate 


The pH in all experiments but the last was 8.5; in Experiment 1 the pH was 5.8. 
The enzy me P activ ity in all experiments | was : about 1000 units per ml. 


| Initial molar concentration | Final molar concentration K 
Experi | Time 
N | 
Glycerol Phosphate H:0 Glycerol a ester Global a 
| ars. | | | | per cent nt | : 
2 | 168 | 7.10 | 0.405 | 27.00; 6.99 | 11.0 | 98 | 0.69 | 0.71 
| 144 | | 0.480 | 48.8 | 1.677 | 2.26 | 99 | 0.605] 0.70 
fa | 700 | 11.19 | 0.0863 10.3 | 11.14 | 5.52 87 | 0.61 | 0.69 
4b | 800 | 11.13 0.0863 | 10.3 | 11.13 5.83 | 84 | 0.52 | 0.61 


Average..... | | | 


48 | 7.08 | 0.408 | 26.9 | 7.02 | 6.1 | 99 | 1.48 | 1.49 


high value was not due to the contamination of free glycerol resulting from 
insufficient separation was proved by adding glycerol to a mixture of 50 
per cent a and 50 per cent 8 isomers and following the same procedure 
for the isolation and purification of the Ba salt. The same distribution 
of the a and 8 isomers was found before and after glycerol treatment. 
Of still greater importance was the transformation of the 50:50 mixture in 
the presence of phosphatase into a mixture of 95 per cent a- and 5 per cent 
8-glycerophosphate in 3 to 5 days. 

The great preponderance of the @ isomer is not unexpected since there 
are two @ positions for one 8 position; furthermore, the phosphate ester 
of the secondary alcohol can be assumed to have a higher energy content 
than that of the primary alcohol. This is best demonstrated by the analo- 
gous 3-phosphoglyceric and 2-phosphoglyceric acids which, at equi- 


It: 
on 
30 


iw SYNTHETIC ACTION OF PHOSPHATASE. I 


librium, distribute in the ratio of about 4:1 (26). The high periodate valye A 
precludes the possibility that any appreciable amount of the biochemically | 4 
unknown glycerodiphosphate was formed. pl 

Finally, it seems logical that the much lower value for the K of the cc 
primary alcoholic phosphate ester of glycerol compared with the corres. ti 
ponding esters of the hexoses is also mainly due to the presence of two 
equal primary alcoholic groups in every molecule. Indeed, the K valuejs = & 

Tassie VIII 
Acceleration of Phosphorylation of Glycerol 

1.7 mw glycerol, 0.48 « phosphate, 48 w H,O, 0.0247 w organic phosphate added 

Sample, 0.5 ml. 
Glycerophosphate formed, y P per 0.5 mi. 
Phosphate compound added 
| | | | | ee 
(96 brs) 
Control.. a 16.2 19.8 32.1 77.7 2% 
Phosphocreatine 43.0 64.0 91.0 20 2% 
Acceleration, “> 165 2) 184 IS5 
Control.. 14.1 34.2 372 
Phosphocreatine | 42.0 74 97.0 321 
Acceleration, “> 270 
Control... 10.8 M.2 310 
Phosphocreatine «41.0 01.0 345 
Acceleration, «272 175 
Control 36.0 72.9 | 3% 
Fructose-1-phosphate 70.8 | 143.0 825 
Control... 31.2 38.1 74.1 331 
Fructose-l-phosphate 51.0 75.0 146.0 Bl 
Acceleration, Os 7.4 97.5 out 
inte 

Control.... 16.5 27.0 4 
Glucose -1-phosphate 6.0 62.0 14.0 crea 
Acceleration, “> 118 iw 131 of ¢ 
a little less than half that of the most favored components of the hexoe 4 V 


esters 


Speed of Synthesis Fig. | presents some rate curves for attainment ¢ 
the equilibrium m the synthesis of hexose phosphate and of glycere | 
phosphate. A considerably longer time is required than would be & 
pected from the activity of the enzyme in the direction of hydrolysis and 
from the value of K. The latter constant, therefore, cannot be calculated 
from the simple formula, | 
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A similar disparity was encountered by Biicher (27) in the study of other 
enzymatic phosphorylating reactions. Under our conditions the inorganic 
phosphate exerts a special affinity for the enzyme, thereby repressing the 
competitive affinity of the other reactants. The net effect is a retarda- 
tion of the reaction rate not anticipated from the law of mass action. 

While the speed of synthesis, consequently, cannot be theoretically 
explained by the activity of the enzyme and the position of equilibrium, 


ae 


~ 


~ 


HOURS 

Fig. 2. Speed of enzymatic synthesis of glycerophosphate (GP) with and with- 
out added phosphocreatine (/’C), at 38°, pl 8.5, in the presence of purified alkaline 
intestinal phosphatase and NasHPO,. VY, synthesis of glycerophosphate (control); 
V, synthesis of glycerophosphate in presence of added phosphocreatine; O, de- 
crease of phosphocreatine (control); @, decrease of phosphocreatine in presence 


of glycerol (G). 


& very interesting phenomenon was observed during the enzymatic syn- 
thesis of glycerophosphate in the presence of organic phosphate com- 
pounds of higher energy content (Table VIII). Depending upon the 
energy content of the added organic phosphate, the speed of synthesis of 
glycerophosphate was increased 100 to 300 per cent (Fig. 2). At the same 
time the dephosphorylation of the added organic phosphate was delayed. 
Whether this phenomenon is related to the transphosphorylation be- 
tween aryl phosphates and certain alcohols observed by Axelrod (28) with 
acid citrus phosphatase is being investigated in our laboratory. 
Method—The amount of synthesized glycerophosphate was deter- 
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mined as the diflerence between the total organic phosphate, and thy 
of the added organic phosphate. The latter, for each time interval, was 
determined by acid hydrolysis. A control incubation was run simul. 
taneously in order to follow the rate of hydrolysis of the added organ 


phosphate in the absence of glycerol. 
DISCUSSION 


The calculation of the equilibrium constants of phosphorvlation iz 
this investigation has been based upon molar concentrations. A mor 
exact calculation, however, involves the use of activities: (4., by apply. 
ing the formulas of Lewis the activity coefficient of 2.38 m glucose would 
be 1.26. Since data are not available for all the substances and for a 
the concentrations, activity cocili@ents were not emplove d. Reside 
the use of the latter would not make the figures in the foregoing more coe. 
sistent, since the tendency of the A value to become larger with increasing 
concentration would be even more pronounced. 

Although in those equilibria in which several esters are formed the de 
termination of those present in smaller amounts is less accurate, the value 
obtained, nevertheless, approximate an equilibrium. This can be show 
by a comparison of the A values of fructose-G-phosphate and glucose+4 
phosphate. In the presence of the enzyme phosphohexoisomerase, thee ' 
two esters reach equilibrium represented by the Lobison-himden ester , 
which consists of 2 parts of glucose phosphate and 1 part of fructes 1 
phosphate. Assuming that equal concentrations of glucose and fructow i 
at the same pil and temperature have the same activity, then the A vale , 
of phosphorylat on of fructose-6-phosphate should be twice that of gluco 
6-phosphate. This is actually the case: A for the former is 4.2 and fe 
the latter 2.0 at 38°, pl1 8.5 (Tables IT and V). 

When AF® is calculated according to formulas (2) and (3), the K ¢ 
1.79 for fructose-1- phosphate and 1.4 for mannose-t- phosphy ile corr 
sponds, respectively, = —270%) and — 2650 caloriesat 38°. Similarly, 
the K values of 2.2 and 2.3 for glucose-G-phosphate and galactose-6-pho 
phate correspond to A/*° —3000 calories; the A of 0.63 for glycero 
phosphate gives = —2200 calories. At pil 5.8 the values wouk 
be about —400 calories greater. 

The discussion of the effect upon the speed of phosphorylation cause 
by the addition of organic phosphate of higher energy must await the r 
sult of future experiments, in order to determine whether a transphot | 
phorylation is involved, similar to the mechanism described by Axelrot 


(28). 


SUMMARY 


By the synthetic action of phosphatase and subsequent isolation of the 
esters formed, the equilibrium constant of phosphorylation was determine 


Wa 
nul- 


O. MEYERNOF AND H. GREEN 667 


for the following ordinary ester phosphate bonds: fructose-1-phosphate, 
fructose-6-phosphate, fructose-1 ,6-diphosphate, glucose-6-phosphate, man- 
nose--phosphate, galactose-(-phosphate, and a-glycerophosphate. The 
K values for the main components of the hexose phosphates were about 2 
at pli 8.5 and twice this value at pll 5.8. For a-glycerophosphate the 
K values were 0.63 and 1.5, respectively. 

The speed of enzymatic synthesis of glycerophosphate was increased 
2- to 4-fold in the presence ot phosphate compounds of higher energy 
content. Particularly effective was phosphocreatine. 


BIBLIOGRAPHY 


. Meyerhof, O., Ohimeyer, P., and Mohle, W., Biochem. Z., 297, 113 (1938). 
. Meverhof, O., Biol. Symposia, 6, 14 (1941). 
. Lipmann, F., Adrances in Enzymol., 1, 9 (1941). 
Meverhof, O., Ann. New York Acad. Sc., 46, 377 (1944). 
Martland, M., and Robison, R., Biochem. J., 21, 665 (1922). 
Roche, J Bioche m. J 25. 1724 (1961). 
. Kay, H. D., Biochem. J., 2, 855 (1928). 
Ohimeyer, P.. Z. physiol. Chem., 283, 1 (1944). 
MeViear, G. A., Thesis, University of Toronto (1934). 
10. Lewis, G. N., and Randall, M., Thermodynamics and the free energy of chemi- 
cal substances, New York and London (123). 
ll. Schmidt, G., and Thannhauser, S. J.. J. Biol. Chem., 149, 369 (1943). 
12. Fiske, C. I1., and Subbarow, Y., J. Biol. Chem., @, 375 (1925) 
13. Lohmann. K.. and Jendrassik. L.. Biochem. Z . 178, 419 (1928) 
M4. Roe, J. H., J. Biol. Chem., 107, 15 (1934). 
15. Lohmann, K., Biochem. Z.. 194, 306 (19028). 
16. Herbert, H., Gordon, V., Subrahmanyan, V., and Green, D. E., Biochem. J., 
34, 1108 (1910 
. Fleury, P., and Paris, R., Compt. rend. Acad., 196, 1416 (1933). 
Tanks, B., and Robison, R.. Biochem. J 29, “61 (1045). 
Robison, Biochem. J 26, 21% (1932). 
. MacLeod, M., and Robison, R., Biochem. J., 27, 294 (1933). 
Willetatter, R., and Schudel, G., Ber. chem. Ges., 61, 780 (1918). 
. Robison, R., and MacLeod, M., Biochem. J., 28, 517 (1929). 
Umbreit, W. W., Burris, R. H., and Stauffer, J. F.. Manometric techniques 
and related methods for the study of tissue metabolism, Minneapolis (1946). 
. Kiessling, W., Biochem. Z., 2086, 422 (1939). 
Uori, C. F., Harvey Lectures, 44, 257 (1945-46). 
. Meyerhof, O., and Kiessling, W., Biochem. Z., 276, 230 (1935). 
. Bacher, T., Biochim. et biophys. acta, 1, 292 (1947). 
3. Axelrod, B., J. Biol. Chem., 172, 1 (1948); 176, 295 (1948). 


ha’ 
an) 
ry 
& 
Me 
4 iv 

a 
mig? 
afi 
(Aj). 
us. 
\3 
hos 
ne. 


SOME FACTORS AFFECTING THE ACETYLATION OF 
p-AMINOBENZOIC ACID IN THE RAT* 


By THOMAS RIGGS D. MARK HEGSTED 


(From the Department of Nutrition, Harvard School of Public Health, and the 
Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, December 6, 1945) 


The acetylation reaction involving detoxification of various aromatic 
amines both in rifro and in vivo has become of new importance with the 
discovery by Lipmann ef al. (1) that the coenzyme necessary for this 
coupling contains pantothenic acid. In an earlier paper (2), we gave evi- 
dence demonstrating that pantothenic acid is necessary for normal acety- 
lation of p-aminobenzoic acid (PAB) by rats. Although many studies have 
been made on the general reaction (3), the lack of agreement on results 
suggests that the conditions under which the measurements are made may 
be predominant in determining the results. It appears desirable, there- 
fore, to reexamine some of the factors which previous work has suggested 
might affect the extent of the over-all coupling reaction when PAB is ad- 
ministered to rats. Studies reported here consist of three parts: (1) an 
examination of the effect of thiamine and riboflavin deficiencies on acety- 
lation to see whether low acetylation is specific for pantothenic acid de- 
ficiency; (2) a measure of the effect of added acetate on the acetylation by 
deficient animals in order to eliminate low acetate supply as a possible 
cause of low acetylation; and (3) a measure of the effect of the amount of 
PAB administered on the degree of acetylation. 


EXPERIMUMENTAL 


The ability of growing rats to acetylate doses of PAB given intraperi- 
toneally was measured by analysis of the 24 hour urine under conditions 
reported previously (2). All rats weighed around 100 gm. originally. 
Controls were fed a purified diet containing 73 per cent glucose, 18 per cent 
vitamin-free casein, 4 per cent corn oil (Mazola), 4 per cent Salts 4 (4), 1 
per cent cod liver oil, and the following vitamins per 100 gm.: thiamine 
chloride 400 y, riboflavin SOO y, pyridoxine hydrochloride 400 y, nicotinic 
ackd 4000 y, calcium pantothenate 2000 y, and chlorine chloride 100 mg. 
Animals made deficient received the same diet with the appropriate vita- 
min omitted. In either pantothenic acid or riboflavin deficiency, the ani- 


* Supported in part by grants-in-aid from the American Meat Institute, Chicago, 
the Milbank Memorial Fund, New York, the Nutrition Foundation, Inc., New York, 
and Swift and Company, Inc., Chicago. 
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mals survived for long periods, but in thiamine deficiency it was necessary 
after 2} weeks to supply small amounts of thiamine to the animals in order 
to keep them alive. They were given 15 to 00 y of the vitamin per 100 gm. 
of diet thereafter and received intraperitoneal injections of 25 to 100 ¥ of 
thiamine when critical polyneuritic symptoms appeared. PAB and thia- 
mine injections were never made at the same time. Those animals that 
died were replaced by others which were made deficient in the same manner 
as the original group. 

All animals received the appropriate purified diet for 1 month before 
acetylation values were determined. At the end of this time, all the groups 
showed values which did not change appreciably over the length of the 
experiment for a given dose. The PAB was given intraperitoneally in 
single injections except in the case of the 10 mg. doses, which were given 
in two injections of 2 ec. each 4} hour apart. In measuring the response 
to acetate, 3 or 6 per cent of the glucose in the diet was replaced by that 
amount of sodium acetate. 


Results 


Fig. 1 illustrates graphically both the effect of size of dose of PAB and of 
the three vitamin deficiencies upon the per cent acetylation of the PAB 
administered. It can be seen that low acetylation results from vitamin 
deficiencies other than pantothenic acid, but this is clear-cut only at the 
proper PAB dose level. Under each of the four nutritional conditions, the 
per cent acetylation of varied amounts of PAB is apparently described by 
two linear curves. A change in slope occurs at about the 2.5 mg. level, 
after which the decrease in acetylation with increasing doses is much less 
than at doses less than 2.5 mg. At 10 mg., all groups are approaching the 
same value, and none of the deficient animals shows a difference from the 
controls which is of statistical significance. At the lower levels (0.5 and 
1 mg.), thiamine-deficient animals give values identical with the controls, 
and even at 2.5 and 5 mg. the difference is not striking. Values from ribo- 
flavin-deficient animals are significantly lower than from controls at all 
levels except at 10 mg., while values obtained during pantothenic acid de- 
ficiency are consistently below all others. The latter animals reached their 
minimum at 2.5 mg. and did not go below this when the dose was increased 
4-fold. Such a behavior was exhibited by none of the other groups. The 
pantothenate curve thus appears to be distinctly different from the others, 
a fact which suggests that the mechanism causing lowered acetylation in 
this one group may be unique. 

Previous work (2) on a small number of animals indicated that 3 per cent 
sodium acetate in the diet of pantothenic acid-deficient animals could in- 
crease acetylation significantly if a 2.5 mg. dose of PAB was given. This 
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suggested that the acetate supply might be the limiting factor for the reac- 
tion under some conditions. Since both thiamine and riboflavin are known 
to function in systems involved in the formation of metabolic acetate, it 


70 
z @ Pa 
- 60 
qd 
ad 
> 
§0 
40+ 

30} 
Vo 2 4 6 8 Te 


Dose PAB (mG) 


Fic. 1. The influence of nutritional deficiencies and size of dose upon the acetv! 
ation of p-aminobenzoic acid. 


Taste I 


Effect of Dietary Sodium Acetate on Acetylation of 2.4 Mg. Doses of p-Aminobenzme 
Acid by Normal and Deficient Rats 


Dietary 
Diet — No. of trials at J Acetylation® 
per cont per cent 
Control 16 5 57.24 1.8 
Thiamine-free.. 17 a 51.7 + 2.4 
- 3 l4 7 49.8 + 2.9 
Riboflavin -free 19 47.22% 2.3 
3 16 43.7 + 2.5 
Pantothenic acid-free 21 9 38.8 + 0.95 
3 IS 6 35.8 + 1.4 
6 12 13.5 + 3. 


* Per cent bound + the standard error of the mean. 


appeared likely that low acetylations in these deficiencies might be due to 
low acetate supply. In order to examine this possibility, all three groups 
of deficient rats were placed on a 3 per cent sodium acetate diet and the 
acetylation values determined. As can be seen from Table I, in no in- 
stance did the dietary acetate have an effect. Not even when 6 per cent 


r 
in- 
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sodium acetate was fed to the pantothenic acid-deficient group did they re- 
spond. Thus we have been unable to repeat the previous observations on 
pantothenic acid-deficient animals. 

To examine the possibility of poor utilization of pantothenic acid by the 
riboflavin-deficient group, these animals were injected with either | or 2.5 
mg. of calcium pantothenate simultaneously with 1 mg. of PAB. Table I 
shows that there was no effect. 


DISCUSSION 


It is apparent that a reduction in the extent that p-aminobenzoic acid js 
acetylated is not specific for any one nutritional deficiency. Whether the 
cause of the lowered acetylating ability is common in the three deficiencies 
is unknown, but it appears unlikely that the same defect is involved in each 


Taste Il 


Effect of Injected Calcium Pantothenate on Ace tylation of ] Mog. Doses of p-Amino- 
benzoic Acid by Riboflavin-Deficient Rats 


Dict ~.. No. of trials No. of Acetylation® 
injected animals 
me. was 
Control........ 10 5 67.3 + 0.75 
Riboflavin-free..... 22 | 5 56.2 + 2.1 
oe | 8 58.4 + 2.7 
os 2.5 8 59.1 + 1.6 


* Per cent bound + the standard error of the mean. 


case. It does seem certain that reduced food intake, while common to the 
three deficiencies, is not the direct cause. When the controls were fasted 
for a 72 hour period, and the acetylation tested during the last 24 hours of 
the fast, a value of 60.5 + 2.1 per cent acetylation of a 2.5 mg. dose was 
obtained, compared to 57.2 + 1.8 per cent for the same animals not fasted, 
Furthermore, the food intake of the severely thiamine-deficient animals 
is practically zero, but such animals showed essentially the same per cent 
acetylation of a given dose as they did when only mildly deficient. The 
intake of food by the riboflavin- and pantothenic acid-deficient animals 
was usually greater than that by those deficient in thiamine, although their 
ability to acetylate amine was less. 

The importance of the size of the dose of the amine to be acetylated in 
evaluating the possible presence of some metabolic defect is clearly shown 
by the data. At all doses of 5 mg. or less, it is apparent that the panto 


thenic acid- and riboflavin-deficient animals gave results below normal, | 


av 
Te 
ace 

fo 

th 

r 
late 
ma 
the 

ki 

of 

wo 

tes 

of 
doe 
cril 
tive 
Kay 
fall: 
the 

no 


T. R. RIGGS AND D. M. HEGSTED 673 


but this was not evident when a low dose (0.5 or 1 mg.) was given to the 
thiamine-deficient group. This group showed differences from normal only 
in the intermediate range of the doses tested, and all of the groups ap- 

hed the same value as the amount of PAB was increased to the still 
relatively low dose of 10 mg. ‘The size of the dose must be considered, 
therefore, in attempts to compare the results of various studies upon the 
factors affecting the extent of acetylation of a foreign amine. Many of the 
data in the literature have been obtained at doses far above those used in 
this study. Bloomberg (5) reported that a 25 mg. dose of PAB was in the 
maximum range that could be completely acetylated by the human. This 
dosage level is of course several times less per unit of body weight than 
the lowest level we have tested in rats, which was 0.5 mg. to a 250 gm. 
animal. We have never observed individual acetylation values much 
above 85 per cent in any of our studies. In addition, Bloomberg gave the 
PAB orally, which might be expected to yield higher acetylation values 
owing to a less rapid rate of absorption than after intraperitoneal injection. 
He found a maximum of but 50 per cent absorption from the intestines, 
which would mean that a 25 mg. dose would amount to only a 12.5 mg. dose 
available for acetylation and urinary excretion. The combined data of 
Torda and Wolff (6) and of Bloomberg (5) show a decrease in the extent of 
acetylation in the human being with increasing dosage comparable to that 
found in this study. Also at a comparable dose per unit of body weight, 
the extent of the acetylation of PAB that they observed is in the same 
range as has been found with the rat. 

The shape of the curve showing a gradual decrease in the per cent acety- 
lated with increasing doses is undoubtedly due to several factors, which 
may include the rate of the acetylation reaction itself as well as the time 
that the test substance is in the body (ef. Beyer et al. (7)). More rapid 
kidney excretion of the larger doses and the different rates of elimination 
of the free and conjugated forms (7, 8) are certainly the major factors. It 
would be expected that changes in kidney function would invalidate the 
test as a measure of acetylation rates, but a comparison of the total amounts 
of the amine excreted by the animals subjected to the various deficiencies 
does not suggest that this is the explanation of the results obtained. 

On the basis of the work of Lipmann and associates (1, 9) one can as- 
cribe the lowered acetylation by pantothenic acid-deficient rats to a rela- 
tive lack of coenzyme A, which is required for acetylation. Olson and 
Kaplan (10) showed that the amount of the coenzyme in various tissues 
falls during the development of the deficiency. According to their data, 
the coenzyme A content of the tissues of riboflavin-deficient animals is 
normal, and, as shown in the present paper, additional supplies of panto- 
thenic acid fail to increase the acetylating ability of the riboflavin-deficient 
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animals. [t is unlikely that the amount of coenzyme A is the determining — 
factor in riboflavin deficiency, and the same is proabably true of the this om 
mine-deficient animals. 

Since feeding acetate in fairly large amounts failed to modify the exten d 


of acetylation in any of the animals, it would appear that the supply of 
acetate per se is not a limiting factor. Bernhard (11) and Bloch and gi 
Rittenberg (12) have clearly shown that dietary acetate can serve in the 
acetylation of PAB, and the latter workers concluded that acetate is prob- 


ably the sole precursor of the acetyl group for this compound. If this i th 
true in the deficient animals as well, then it would appear that the defect in C 
acetylation in thiamine- and riboflavin-deficient animals might be in the ge 


formation of the enzyme for acetylation, or in the activation of the acetate 
prior to the acetylation. Presumably a high energy phosphate bond must | 


be produced before the coupling can take place (13), and it is possible thar I 
interference with the metabolic pathways of carbohydrate at several : 
points might thus have an influence upon the extent of acetylation. 3 

Whether differences in the degree of acetylation with the different de- 4 


ficiencies can be interpreted is open to question, since one cannot measure 
the relative severity of the thiamine, riboflavin, and pantothenic acid de- 
ficiencies. However, the relatively small decrease in acetylation observed 
in thiamine deficiency may be considered as consistent with the suggestion 
of Bloch and Rittenberg (12) that the major portion of the acetate arises §. 


from the oxidation of fatty acids, which does not require cocarboxylase. 9, 
10. 

SUMMARY ll. 

12. 


Acetylation studies have been made on normal rats and rats depleted of ) 4 
thiamine, riboflavin, and pantothenic acid, with p-aminobenzoic acid a 
the test substance. 

1. In riboflavin- and pantothenic acid-deficient rats acetylation is sig- 
nificantly less than normal when 5 mg. doses of PAB or less are adminis 
tered, the pantothenic acid-deficient animals showing consistently lower 
values. 

2. Thiamine-deficient rats show slightly less than normal acetylation a! 
2.5 and 5 mg. PAB doses. At the levels tested above and below thes 
amounts, the values obtained were normal. 

3. When the amount of PAB was varied, all groups demonstrated a de- 
crease in the per cent acetylated as the dosage increased. This decrease 
is represented graphically in each instance by linear curves which show 4 ° 
change in slope at about 2.5 mg. of PAB. Differences in the ability te 
acetylate the amine due to the nutritional state are evident only within 4 
limited dose range, and all animals approach the same acetylation value at 
the maximum dose tested (10 mg. per rat). Pantothenic acid deficiency | 
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was unique in that this minimum value was obtained with a dose of 2.5 


mg. per rat. 
4. Supplementation of the diet of any of the deficient animals with so- 


dium acetate had no effect upon the acetylation of a 2.5 mg. dose of PAB. 
5. Excess calcium pantothenate did not alter the low acetylation values 
given by riboflavin-deficient rats. 


We are indebted to Merck and Company, Inc., Rahway, New Jersey, 
the Corn Industries Research Foundation, New York, the Sheffield Farms 
Company, Inc., New York, and The Wilson Laboratories, Chicago, for 
generous supplies of materials used in these studies. 
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TRACER EXPERIMENTS ON THE MECHANISM OF SYNTHESIS 
OF VALERIC AND CAPROIC ACIDS BY CLOSTRIDIUM 
KLUYVERIT 
By E. R. STADTMAN, THRESSA C. STADTMAN, anv H. A. BARKER 


(From the Division of Plant Nutrition, University of California, Berkeley) 
(Received for publication, December 6, 1948) 


Clostridium kluyvert has been shown (1, 2) to form caproic acid from 
ethanol and butyric acid in accordance with the following equation: 


CHsCH,OH + CHsCH,CH,COOH = CHyCH,CH.CH,CH,COOH + H,O (1) 


This synthesis is a complex process involving numerous steps, but the net 
result is a condensation of a Cs. compound with a Cy compound to give a 
C, compound. The condensation could occur theoretically in either or 
both of two ways. The carbinol carbon of ethanol could condense with 
the y-carbon of butyric acid, or the carboxyl carbon of the acid could con- 
dense with the a-carbon of the aleohol. Several vears ago (1) an attempt 
was made to distinguish between these two possibilities by preparing 
caproic acid from butyric acid labeled in its carboxyl group with C*, 
Decarboxylation of the resulting labeled caproic acid showed that it did not 
contain an appreciable amount of C™ in its carboxyl group. ‘This was taken 
to indicate that the only condensation that occurred was between the 
carboxyl carbon of butyric acid and the a-carbon of the ethanol. This 
conclusion has now been confirmed by degrading the caproie acid in such 
u Way as to show that it is labeled only in the 8 position. In addition we 
have investigated by tracer methods the condensations that occur when 
valeric acid and other compounds are formed by a fermentation of ethanol 
and propionic acid. 


Experimental Methods and Results 


Degradation of Labeled Caproie Acid—The sample of labeled caproic 
acid prepared by the fermentation of ethanol and carboxyl-labeled butyric 
acid was the same as that described previously (1). It was separated from 
contaminating acetic and butyrie acids by an azeotropic distillation pro- 


cedure (3), 


* This work was supported in part by a research grant from the United States 
Public Health Service and by a contract with the Committee on Food Research of 
the Quartermaster Food and Container Institute of the Armed Forces and has been 
assigned the No, 234 in the series of papers approved for publication. The opinions 
expressed in this report are those of the authors. They are not to be construed as 
necessarily reflecting the views or endorsement of the Department of the Army. 
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The degradation of the eaproic acid was done by a modification of the (it 
Barbier-Wieland procedure (4).'. This involves the oxidative removal of | in 
one carbon atom at a time with the formation first of valeric acid and then 0. 
butyric acid, Four reactions are required for the removal of each carbon (2 
atom: (1) caproic acid is converted to its methyl ester by reaction with 0. 
diazomethane, (2) the ester is converted by a Grignard reaction with N 
phenyl magnesium bromide to amyldiphenylearbinol, (3) the carbinol is in 
dehydrated by refluxing with acetic anhydride to form the corresponding 
unsaturated compound, 1 ,1-diphenylhexene-1, (4) the hexene is oxidized al 
with CrO, in glacial acetic acid to valeric acid. The valeric acid was la 
separated from the large excess of acetic acid by partition between ether se 
and water and by a subsequent azeotropic distillation. The main modifi- 
cation, other than those required to adapt the procedure to a 0.5 mw tir 
scale, was the oxidation of the unsaturated acid on a steam bath for 10 ne 

an 

Tasie ac 

Location of C™ in Caproie Acid Derived from Ethanol and Carboryl-Labeled ra} 

Butyric Acid th 

Carbon atom of caproic acid Counts per min. per mu bu 

ac’ 

1250 

Carboxy! 10 Di 
a (carboxyl of valeric acid) 15 

for 

sey 

minutes instead of at 15° for 30 minutes as recommended by Lane and \ cu 

Wallis (4). This increased the yield of valeric acid in the oxidation step 

from 13 to 73 per cent of the theoretical yield. The over-all yield in the | ‘i 

conversion of caproic acid to valeric acid was approximately 50 per cent, om 

and essentially the same vield was obtained in the oxidation of valerie me 

acid to butyric acid. nal 

The original caproic acid and the valeric and butyric acids obtained from 4, | 
the degradation were tested for purity by Duclaux distillation and wer ap] 
then converted to the barium salts and decarboxylated in vacuo at 550°. spe 
The resulting samples of barium carbonate were purified and assayed for wit 
CC“. The barium carbonate from the valeric and butyric acids is represent- wes 
ative of the a- and §-carbons, respectively, of the original caproic acid. ; 

The data given in Table I show that essentially all the Cin the capro | 5,5 
acid was present in the 8 position. ace 


Fermentation of Ethanol and Carboryl-Labeled Propionic Acid—Clostria- ond 


' The authors are greatly indebted to Professor W. G. Dauben for suggesting the | and 
use of this procedure. : pro 
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tum kluyveri, strain K1, was inoculated into 30 ml. of a medium contain- 
ing the following ingredients in gm. per LOO ml.: KeHPO, 0.17, KH2PO, 
0.13, ethanol 0.58, synthetic carboxyl-labeled sodium propionate 0.66, 
(NH,)2S0, 0.05, 0.02, CaSO,-2H.0 0.001, FeSO,-7H,O 
0.0005, 0.00025, NaeMoO,-2H2O 0.00025, NasCO,; 0.025, 
NaS-9H.0 0.02, and yeast autolysate 1 volume per cent. The culture was 
incubated anaerobically at 35° until fermentation ceased. 

At the time of inoculation, a small aliquot of the medium was removed 
and analyzed for ethanol and propionic acid, and the specific activity of the 
latter was determined. At the end of the fermentation the products were 
separated, and the quantity and C™ content of each were estimated. 

Total alcohol was estimated by the method of Widmark (5). The rela- 
tive amounts of ethanol and propanol were determined by oxidizing the 
neutral volatile fraction with acid dichromate to the corresponding acids 
and determining the ratio of the latter by Duclaux distillation. No butyric 
acid or other higher fatty acid could be detected by partition chromatog- 
raphy in the products of alcohol oxidation. The fatty acids present at 
the end of the fermentation consisted of a mixture of acetic, propionic, n- 
butyric, n-valeric, n-caproic, and n-heptanoic acids. The individual 
acids were separated and estimated by a modification of Elsden’s method of 
partition chromatography (6). The purity of the acids was established by 
Duclaux distillation. The butyric acid obtained in the first separation 
appeared to be slightly contaminated with labeled valeric acid and there- 
fore was rechromatographed after addition of unlabeled valeric acid. The 
separated acids were converted to barium salts for the estimation of their 
C™ contents by means of a Geiger counter. 

The data given in Table I] show that the three products containing an 
odd number of carbon atoms, propanol, valerie acid, and heptanoie acid, 
were strongly labeled. Both the analytical data and the radioactivity 
measurements indicate that approximately 69 per cent of the propionic 
acid was converted to valeric acid, 22 per cent to propanol, and 5 per cent 
to heptanoic acid. The molar specific activities of the three products were 
approximately the same as that of the propionic acid. The somewhat lower 
specific activity of the heptanoic acid was probably due to contamination 
with octanoic acid used to pretreat the silica gel column in which the acids 
were separated. 

The other three products containing an even number of carbon atoms, 
namely, acetic, butyric, and caproic acids, contained little or no C%. The 
acetic acid showed no radioactivity. The specific activities of the butyric 
and caproic acid fractions were such as to indicate that not more than 1.5 
and 1.2 per cent, respectively, of these acids can have been derived from 
propionic acid. It is possible that even the small activities observed in 
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these fractions were due to contamination by unidentified labeled com. 
pounds. 

The position of the C™ in the labeled valeric acid was investigated by 
decarboxylating a sample of the barium salt having a specific activity of 
156,000 counts per minute per ma. The specific activity of the resulting 
barium carbonate, derived from the carboxyl group, was 162 counts per 
minute perm. It can be concluded that not more than 0.10 per cent of 
the C" was present in the carboxyl group. This is a maximum value in 
view of the fact that the carboxyl carbon in the barium carbonate may have 
been slightly contaminated with carbon from other positions in the valeric 
acid, Since the C' was not present in the carboxyl group, it may be con- 


Il 
Fermentation mm of CHCH A ‘H and CH,CHC°OOH by ( ‘lostridi um kluyoert 


Compound» Quantity 
mu per 100 ml, 
Substrates decomposed’ Ethanol 9.14 Ot 
Propionate 6.51 610, 0003 
Products formed Acetate 0.79 0 
n-Propanol 1.45 590,000 
n-Butyrate 0.7 | 9,380 
n-Valerate 41. 690 ,000 
n-Caproate 1.0 7,500 
n-Heptanoate 0.34 530 ,000 


* The medium initially contained 6.54 ms of propionate and 2 Ji mn of ethanol 


per 100 ml. 
t The residual ethanol at the end of the fermentation was also unlabeled. 
3 The average of the initial (620,000) and the final (600,000) values. 


cluded with considerable certainty, in view of the results reported above 
on the degradation of caproic acid, that it was located in the § position. 


DISCUSSION 


The degradation of C'-labeled caproic acid prepared by the fermentation 
of carboxyl-labeled butyric acid and unlabeled ethanol has shown that the 
C™ was present almost entirely in the 8 position. This result proves that 
the caproic acid was formed by a condensation of the carboxyl carbon atom 
of butyric acid with one of the carbon atoms of the ethanol (equation (2)). 


CH,CH,CH,C*OOH + CH,CH,OH CH,CH,CH,C*H,CH,COOH + HO @ 
From previous results we know that it is the methyl carbon of the ethanol 


that is involved in the condensation. This can be deduced from the fact | 
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that ethanol is oxidized to acetic acid (actually acetyl phosphate (7)) and 
from the fact that the carboxyl group of acetic acid is converted into the 
carboxy! group of caproic acid (1). 

The experiment with carboxyl-labeled propionic acid and unlabeled 
ethanol demonstrates that valeric acid is formed similarly by a condensa- 
tion of the carboxyl carbon of propionic acid with the methyl carbon of the 
alcohol (equation (3)).  6-Labeled heptanoic acid is probably formed from 


CHsCH.C*OOH + CHyCHLOH = + H.O (3) 


3-labeled valerie acid and ethanol by a further condensation of the same 
type. The near identity of the molar specific activities of the propionic, 
valeric, and heptanoic acids (Table II) indicates that just one molecule of 
propionic acid was present in each molecule of the two higher fatty acids. 

The fatty acids with an even number of carbon atoms, formed in the 
fermentation of carboxyl-labeled propionic acid and unlabeled ethanol, 
were labeled very slightly if at all. This shows that they were formed by a 
condensation of C, units derived from ethanol. The unlabeled a- and 
3-carbon atoms of propionic acid cannot have contributed carbon to these 
fatty acids, because this would involve splitting off the labeled carboxyl 
group of the propionic acid as carbon dioxide, and it has been shown pre- 
viously (2) that carbon dioxide is not formed in appreciable amounts in 
this fermentation. The inability of the organism to form caproic acid from 
2 molecules of propionic acid is of particular interest, since it supports the 
conclusion that a C, compound is an obligatory component of every con- 
densation reaction that results in a lengthening of the fatty acid chain. 

n-Propanol was the only alcohol formed in significant amounts in the 
ethanol-propionate fermentation. The close similarity in the specific 
activities of propanol and propionic acid indicates that the former was pro- 
duced entirely by reduction of the latter compound. No comparable re- 
duction of the higher fatty acids occurred at an appreciable rate. It is 
possible that some acetic acid may have been reduced to ethanol, but this 
would not have been detected in this experiment. In other experiments (1) 
the conversion of labeled acetate to ethanol was relatively slight. It 
therefore appears that propionic acid is the only fatty acid that is readily 
reduced to the corresponding alcohol under the conditions of these experi- 
ments. At present there is no obvious reason why propionic acid should 
be preferentially reduced. 

The propionic acid-ethanol fermentation may be used as a simple and 
convenient method to prepare n-valeric acid labeled in various positions 
with carbon isotopes. The fermentation described in this paper gave a 
69 per cent yield of S-labeled valeric acid. By fermenting unlabeled pro- 
pionic acid and ethanol in the presence of methyl-labeled acetic acid, 
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a-labeled valeric acid can be obtained in good yield. Still other types of 
labeled valerie acid could be prepared by starting with a- or 3-labeled 
propionic acid. 

SUMMARY 

Caproic acid formed by fermentation of carboxyl-labeled butyric acid 
and unlabeled ethanol with Clostridium kluyeri has been shown to be 
labeled only in the 8 position. This proves that caproic acid synthesis in. 
volves a condensation between the carboxyl carbon of butyric acid and 
C, compound derived from ethanol. 

By the fermentation of carboxyl-labeled propionic acid and unlabeled 
ethanol, it has been shown that propionic acid is converted to n-propanol, 
n-Valeric, and n-heptanvic acids. The synthesis of valeric acid involves 4 
condensation between the carboxyl carbon of propionic acid and a C 
compound derived from ethanol. Caproic acid cannot be formed by a 
condensation of 2 molecules of propionic acid. The Cy, Cy, and C¢ fatty 
aculs are derived entirely from ethanol 
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THE REDUCTION OF CYTOCHROME ¢ BY XANTHINE OXIDASE 


By B. L. HORECKER ann LEON A. HEPPEL 


(From the Experimental Biology and Medicine Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Reeeived for publication, December 6, 1948) 


A number of substances such as oxygen, dves, and nitrate can act as 
hydrogen acceptors for xanthine oxidase (1). It has now been found that 
evtochrome ¢ is also reduced by this system. Since only one other enzyme 
has been isolated which reduces evtochrome ¢ (2), it was of interest to 
study the reaction, particularly since Ball (3) has indicated that xanthine 
oxidase is a flavoprotein. The activity toward evtochrome ¢ was found 
to parallel the oxygen activity over a 200-fold range of purification, with 
the same substances active in the reduction of evtochrome ¢ as in the 
reaction with oxygen. Improvement of the purification procedure has 
resulted in a preparation of xanthine oxidase which has a Q,, 3 times 
higher than Ball's best preparation, and a definite relation has been es- 
tablished between enzyme activity and flavin-adenine dinucleotide (FAD) 
content. 


EXPERIMENTAL 


Cytochrome ¢ was prepared from beef heart according to Keilin and 
Hartree (4). Catalase was recrystallized three times from beef liver by 
the method of Sumner and Dounce (5). Hypoxanthine and xanthine 
solutions were 0.05 and 0.025 m, respectively, in 0.05 m NaOH, and acetal- 
dehyde was 0.01 w in HO. Albumin was crystalline bovine serum al- 
bumin (Armour Laboratories). 

Spectrophotometric and Manometric Tests—The reduction of cytochrome 
¢ was measured at 550 my in 1.00 em. absorption cells in a Beckman 
model DU quartz spectrophotometer with a slit width of 4.6 mu. Cat- 
alase was required to prevent the reoxidation of reduced cytochrome c, 
probably by the action of milk peroxidase which was present even in puri- 
fied xanthine oxidase preparations. The test solution contained 248 X 
10" mole of cytochrome c, 0.5 unit of catalase, 0.6 mg. of albumin, 
0.04 cc. of diluted enzyme solution, and 5.00 X 10-7? mole of hypoxan- 
thine, in 0.06 « phosphate buffer, pH 7.4, in a total volume of 1.55 ce. 
The gas space contained air unless otherwise indicated. The hypoxan- 
thine solution{ was added last, readings were taken every minute for 7 
minutes, and then about 1 mg. of solid Na,S,O, was added to reduce the 
cytochrome completely. 
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The concentration of oxidized evtochrome (ferrievtochrome) was caley. 
lated from the equation 


da d, 


moles per liter 
10° 


Fernecytochrome = 
where d, and d, are the density readings after addition of Na 54) and a 
any time ¢ during the rate determination, respectively. 1.96 & 10° is the 
difference between the molecular extinction coefficients for reduced and 
oxidized cytochrome ¢ at 550 my. The reaction followed a first orde 
course until at least SO per cent reduction, beyond which measurements 
were not made. A unit of enzyme was defined as the quantity which gave 
a value of 1.0 for (A log ferricytochrome)/Af, the first order rate, where 
t was expressed in minutes. The activity, Q.,roarome, is the number of units | 


I 
Proportionality of Cytochrome Reduction and Orygen Uptake to Nanthine Oxidax 
Concentration 
A log ferricytochrome Af 0.0116 0.02% 0.0191 0.00 
Xanthine oxidase preparation, mg 0002 06.00% O01 0.022 
O; per hr., “7 143 16 358 
Xanthine oxidase preparation, mg. 0.077 0.12 0.193 


* Different preparations of enzyme were used for the manometric and spectrophe- 
tometric measurements 


per mg. of protein in the test. As shown in Table I, the rate of reaction , 
is proportional to enzyme concentration. | 
The rate of oxygen consumption was measured manometrically at 25 
essentially as described by Ball (3) except that 2.4 mg. of albumin wer 
mided to each test. Purified preparations gave little or no oxygen uptake 
without added albumin. Philpot (6) has reported a similar observatia 
with the methylene blue test. The albumin can be replaced by other pro 
teins, such as hemoglobin or cytochrome, but not by low concentration 
of catalase, indicating that the protective action is not due to a removal 

of hydrogen peroxide. 

Protein was determined by the turbidimetric procedure of Bucher (7), 
calibrated with a standardized rabbit serum solution and measured at 34 | 
my with the Beckman spectrophotometer. 

Purification of Enzyme—Fresh raw cream containing 40 to 42 per cent — fo 
butter fat was churned in a mechanical mixer until the butter separated # 
fine hard particles, which were removed by straining through sever 
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L. HORPCKER AND L. A. HSS 
layers of cheese-cloth. After addition of 0.6 volume of 0.2 Na, HPO, 
to the buttermilk, it was digested with crude trypsin and clarified with 
calcium chloride as described by Ball (3). The calcium chloride super- 
natant Was warmed to 60° over a peniod of 5 minutes and kept there for 5 
minutes, after which it was cooled in an ice bath. At this point the enzyme 
joses little activity in several weeks. From 2 quarts of cream about 1400 
ec. of calcium chloride supernatant were usually obtained. 

200 cc. of the solution were treated with 45.2 gm. of ammonium sulfate 
and filtered. The filtrate was treated with 12.0 gm. of ammonium sul- 
fate per 100 ec., and the precipitate was collected by centrifugation and 


I] 


Comparison of Rate of Oxygen Consumption and Cytochrome ¢ Reduction during 
Purification of Nanthine Oxidase 


Total 

waite of i 

> 
actevily Ss Ss 

fer 

Buttermilk 0.051 4.9 158 
After trypsin and heating LL (my 0.35 f2 177 
Ammonium sulfate fraction O24 is | 145 179 
Alumina Cy eluate 400) 31 3.50 545 146 
73 17 4.06 742 || 
“ 170 15s 


* Purified from a more active buttermilk preparation 


dissolved in 40 cc. of water. 42 cc. of this solution were treated with 
23.5 mg. of aluminum hydroxide gel Cy (8S). The centrifuged gel was 
duted with three 2.0 cc. portions of 0.5 u phosphate buffer, pH7.5. The 
combined cluates were treated with 9.0 cc. of saturated ammonium sulfate 
solution, and the precipitate was collected by centrifugat ion and dissolved 
in 10 cc. of water. The solution obtained was treated with 16.5 mg. of 
calcium phosphate gel (9) (aged about 3 months) and the centrifuged 
gel washed twice with 2 ce. portions of 0.1 m phosphate buffer, pH 6.2. 
The enzyme was then eluted with two 2.0 ce. portions of 0.5 « phosphate 
buffer, pli 6.2. 6.0 ce. of saturated ammonium sulfate solution were 
added to the combined eluates, and the precipitate was collected by cen- 
trifugation and dissolved in 5 cc. of water. All operations except the 
two adsorption steps were carried out at 0-2°. The final solution is stable 
for several days, and the enzyme may be kept in saturated ammonium 
sulfate for several weeks. 

In Table II are shown the over-all yield and the activity with respect 
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to oxygen consumption and cytochrome reduction al each step. The 
ratio of the two activities was essentially unchanged during a 22)-fold 
purification, The reaction with xanthine was 0.6 times that with hypo. 
xanthine in either test system. Acetaldelwde was 0.75 times as active 
as hypoxanthine in the spectrophotomet ric test; the manometric test 
was complicated by inactivation of the enzyme (3). 


0300- 
HMYPOKANTHINE 
° 
0250 
< 
> 
ACETALOEHMYOE 
z 
e 
i Pig 3 “ 4 6 7 a 9 10 


IN MINUTES 


Fio. 1. The effect of oxygen on the reduction of cytochrome c. The first portion 
of the curves were obtained with solutions which had been gassed with nitroge 
freed of oxygen by means of hot copper. Oxygen was bubbled through briefly at th | f 
time indicated. Test conditions were as described in the text. ™ 


The oxygen uptake at 20° was 0.75 and 0.4 of that observed at 25° and th 
37°, respectively. Calculation of the Q6, of the last preparation in Tab the 
II gives a value of 800, compared with a QD, of 270 reported by Ball. wi 

Effect of Oxygen on Rate of Cytochrome ¢ Reduction—Oxygen was & | 
sential for the reduction of cytochrome c, which was very slow unde the al 
anaerobic conditions. As shown in Fig. 1, this was true with acetaldehyde | sulfite 
as well as with hypoxanthine, indicating that cytochrome c reduction ws Fro 
not due to an oxidation product of the substrate. Further, prior incubs 
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tion in air with substrate before addition of cytochrome ec did not increase 
the rate of reaction in the absence of air. In Fig. 2 are compared the 
effects of oxygen tension on the rates of reaction with oxygen and cyto- 
chrome. The reduction of cytochrome ¢ continued to be accelerated 
up to 100 per cent oxygen. In confirmation of earlier work (10), nitrate 
was found to act as a hydrogen acceptor but here the reduction was in- 
hibited by oxygen. Nitrate was reduced very much more slowly than 
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PER CENT OXYGEN IN GAS PHASE 


Fic. 2. A comparison of the oxygen effect in the manometric and spectrophoto- 
metric tests. Test conditions were as described in the text. 


Absorption Spectrum —While the shape of the absorption spectrum of 
the purified enzyme was not significantly different from that reported by 
Ball, the absorption coefficient, 84, was 2.5 times as high (3.7  10* sq. em. 
per gm. of N versus 1.5 X 10°). Reduction with excess hypoxanthine in 
the absence of ©, resulted in partial discharge of the color; with hydro- 
sulfite it was almost completely bleached. 

From the decrease in density on reduction with hypoxanthine, the 
flavoprotein content of the enzyme could be calculated, assuming that the 
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extinction coefficient was 1.04 10? liters X em.-! X (11, 19)’ by 
and that the reduced form did not absorb at this wave-length. The flayo. | pre 
protein content for the preparation in Fig. 3 was 0.079 K 10 M. With _ tivi 
the further assumption that the molecular weight is 70,000 (13), the en. in « 
zyme concentration would be 0.55 mg. per cc. The purity would there solu 


fore be (0.55,0.89) = 0.62 (see Fig. 3). cha: 
0.400 
i T mol 
redt 
zvm 
= OXIDIZED 
Z 
with After 
HYPO- Amm 
XANTHINE Alum 
0.100} Vad 4 
REDUCED *F 
Fo 
200 500 600 
turn 
WAVELENGTH (ms) react 
Fic. 3. The spectrum of xanthine oxidase Gonctrom & 6.50, Go, = 1070. Each e flavo 


of solution contained 0.89 mg. of xanthine oxidase, 0.39 mg. of albumin, and 3 united , effect 
catalase in 0.033 w phosphate buffer at pll 7.5. After the air was displaced by nitro the r 
gen, hypoxanthine was added at a tinal concentration of 65 kK Wt. NaS, we It we 
mided as the solid. in th 


FAD Content—With a fluorometric method developed in this labow goo, 
tory’ a direct relation was established between the enzyme activity a 4 
the FAD content. FAD was liberated from the protein by heating 2! 
a boiling water bath for 5 minutes and the precipitated protein remove 


progr 
‘ FAD was determined by an unpublished method of A. Kornberg, based on the me Bal 
of increase in fluorescence when the dinucleotide was converted to alloxazine mone  Uons 
nucleotide by the action of potato nucleotide pyrophosphatase (14). vated 
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12) by centrifugation. In Table III are given the results obtained with the 
vo. | preparations described in Table II. It is evident that the enzymatic ac- 
ith tivity and FAD content are proport ional over a purification of 18-fold, 
en- in confirmation of the previous findings of Corran et al. (15). The last 
re solution listed in Table III had a flavoprotein content calculated from the 
change in density with excess hypoxanthine of 12.1 & 10-* micromole per 
ec., Which is in agreement with the FAD content of 10.2 * 10~* micro- 
mole per cc. from the fluorometric method. The residual absorption after 
reduction by hypoxanthine is therefore not due to a FAD-containing en- 
zyme, since all of the FAD is present as xanthine oxidase flavoprotein. 


Tasce Ill 
Flavin-Adenine Dinucleotide Content of Xanthine Oxidase Preparations 
= Flavia- | Cytochrome 
Preparation Ocytorhrome adenine activity 


dinucleotide ~ FAD 


per mg. wails per ce. unis per 


After trypsin and heating. . 0.35 1.67 1.8 40 
Ammonium sulfate fraction 0.8! 2.33 2.9 S10 
Alumina Cy eluate _. 3.50 5.72 5.0 1140 
Cas(PO,)s | 4.96 5.40 


6.45 9.32 10.2 910 


*From a different lot of buttermilk. 


DISCUSSION 


For the reduction of cytochrome ¢ the turnover number in 20 per cent 
| oxygen is 37 moles per mole of flavoprotein per minute, compared to a 

turnover number of 85 moles per mole of flavoprotein per minute in the 

reaction with oxygen. Xanthine oxidase is thus far less active than other 
~  flavoproteins in its reaction with oxygen (16) or cytochrome c (2). The 
s¢ eflect of oxygen on the reduction of cevtochrome requires elucidation before 
tr the réle of cytochrome in the physiological mechanism can be understood. 
= It would appear that the reaction with cytochrome proceeds rapidly only 
in the second step of the leucoflavoprotein oxidation and that oxygen 
is required to generate the intermediate oxidation product. Some evi- 


oe dence is available in support of this hypothesis, since the initial rate of 

et reduction of cytochrome with equivalent amounts of leucoflavoprotein 

pe) is very slow in the absence of oxygen, but increases as the reaction 

ve pri 

rate Ball identified FAD as a constituent of his xanthine oxidase prepara- 

om tons, although FAD did not replace the heat-stable factor which reacti- 
. vated the enzyme after prolonged dialysis. It has now been shown that 
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FAD quantitatively accounts for the decrease in absorption at 450 my 
when the enzyme is reduced with hypoxanthine. On the basis of this 
decrease in absorption the purity of the xanthine oxidase calculated as 
flavoprotein is 62 per cent. It should be pointed out that with the best 
preparations obtained in the course of the present work the absorption at 
450 my was decreased by hypoxanthine only to the extent of 36 per cent, 
whereas Ball obtained a decrease of 62 per cent with a preparation with 
values of Qo, and Sy» only one-fourth to one-third as high. Corran et al. 
(15), with a highly purified milk xanthine oxidase preparation, also found 
the flavin to account for only 35 per cent of the absorption at 450 mg. 


SUMMARY 

1. Xanthine oxidase purified from milk reduces cytochrome ¢ in the 
presence of hypoxanthine, xanthine, or acetaldehyde. The activity toward 

cytochrome c parallels that toward oxygen over a 220-fold purification. ie 

2. The rate of reduction of cytochrome c is accelerated by oxygen. In I 

20 per cent oxygen the reaction with cytochrome is about one-half as fast ¢ 


as the reaction with oxygen. 

3. An improved method of purification results in a xanthine oxidase 
preparation which is 3 times as active as any previously reported. 

4. The flavin-adenine dinucleotide (FAD) content is proportional to the j 
enzymatic activity over a wide range in purification. The purity cal- I 
culated from the FAD content is 62 per cent. FAD accounts quanti- p 
tatively for the decrease in absorption at 450 my when the enzyme is re- 
duced with hypoxanthine. 
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THE RELATIVE ABSORPTION OF INTRAVENOUSLY 
ADMINISTERED AMINO ACIDS BY THE LIVER, 
KIDNEY, AND MUSCLE OF THE RAT* 


By JORGE AWAPARA ann HORACE N. MARVIN 


(From The University of Tezas, M. D. Anderson Hospital for Cancer 
Research, Houston) 


(Received for publication, December 6, 1948) 


The rate at which amino acids are removed from the blood by the organs 
has been previously reported (1-3). The methods used permitted only 
estimation of total amino acid nitrogen, and no information could be gained 
as to the fate of the individual amino acids injected. 

Quantitative paper chromatography (4) seemed to lend itself as a valu- 
able method in studying the pattern of absorption of parenterally ad- 
ministered amino acids. For this work, aspartic acid, glutamic acid, gly- 
cine, and alanine were chosen. 


EXPERIMENTAL 


Amino acid solutions were made in physiological saline and the pH ad- 
justed to 7.4 with sodium bicarbonate. Doses equal to those given by 
Friedberg and Greenberg (3) were used, ¢.c. 0.16 gm. of amino nitrogen 
per kilo of body weight. 

Male rats of the Sprague-Dawley strain, weighing 200 to 300 gm., were 
fasted 24 hours prior to the test. Under light ether anesthesia the solution 
of amino acid was injected into the lateral marginal vein on the dorsum 
of the hind foot. It was found quite necessary to inject slowly, con- 
suming approximately 1 minute per ml. of amino acid solution. Cir- 
culation of the amino acid was allowed for 15 minutes and the animal was 
then sacrificed with nembutal given intraperitoneally. The animal was 
exsanguinated by severing the inferior vena cava just cranial to the liver. 
The liver and kidneys were removed and weighed in their entirety and 
weighed samples of approximately 0.5 gm. were taken for analysis. A 
similar sample of the gastrocnemius of the uninjected leg was also taken. 

Amino acid determinations were made by paper chromatography (4). 
Aspartic acid, glutamic acid, glycine, and alanine were measured in eachcase. 


RESULTS AND DISCUSSION 


The data obtained are summarized in Table I as the arithmetic mean 
with the corresponding standard errors. Each mean is an average of the 


* This work was supported in part by a grant (No. INSTR 23) from the American 
Cancer Society. 
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RELATIVE ABSORPTION OF AMING ACIDS 


results obtained from four rats, and the standard error of cach mean js 
corrected for small numbers. Differences between means were considered 
as significant if they were larger than 3.0 standard errors of the difference 
of two means. 

kxamination of the data shows that, of the organs studied, the kidney 


is the most active in concentrating the intravenously administered amine 
acids. Muscle tissue has the least ability in this respect, and liver is in. | 


termediate between them. | 
I 
Concentration of Individual Amino Acids ta Organs 15 Minutes after Injection of 
Some Amino Acids* 
t 
Amino acids tound per 1) gm. fresh tissue 
Amino acid injected 

Aspartic acid «Glutamic acid Glycine Alanine 
Liver Aspartic acid “4 Sia 5 w+ 7 | d 
Glutamic 102+13 Ma 9 554 8 d 
Glycine 7 + 1) + 4s 53 + 3 a 
Alanine w5 + 1 67 + 11 ws 6 1) + 16 te 

None 72 4 wt 6 w+ 6 + § 
Kidney Aspartic acid 40 + 31 ISD & 15 62+ 3 3¢ + 2 . 
Glutamic “ 09+ 5 3944 wes 

Glycine S22 6 Bis 7 38+ 3 

Alanine 32+ 2 “l+ 167 + B 

None 0+ 3 4 3 38 + 

Glutamic M+ 13 4 > 16 7+ 4 
Giveine + 4 > 4 i+ 3 le 
Alanine w+ 3 22 + 14 +1 te 
None 382+ 4 2 % 4 st! 


a Arithmetic mean of values from four animals. plus or minus the standard errors. 
corrected for amall numbers 


was involved, evidence of interconversion was found. When glutamic 
acid was injected, aspartic acid was significantly increased in the kidney. 
It was increased also in the liver, but the increase was not significant. 
When aspartic acid was given, the glutamic acid was significantly increase 
in both the kidney and the liver. Of the organs studied, the liver seemed 
to be the only one capable of converting injected alanine to aspartic acid 
Administration of glycine did not cause any changes on the concentri- 
tions of the other amino acids measured. 

In muscle the reaction seems to be relatively slow in all respects, sinc 


2. 
Although the data in no way prove that the transamination reaction — 3. 
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conversions Were not apparent and the tissue was only slightly effective in 
concentrating the injected amino acids, except glycine, which was concen- 
trated to a greater extent than in liver. This absence of activity in mus- 
cle in regard to the transamination reaction does not agree with the re- 
sults obtained by Cohen (9), who found skeletal muscle the most active 
in transamination of both glutamic acid and aspartic acid. A direct com- 
parison of his values, obtained im vitro, with our values, obtained in vivo, 
It would be necessary to take into consideration the 
ability of the organs examined to remove amino acids from the blood. 
As previously shown, the kidney concentrates aspartic acid and glutamic 
acid to a greater extent than liver or muscle. In fact, the uptake of glu- 
tamic acid by muscle was negligible. 

The pattern of concentration for each organ was found to agree with the 
work of Friedberg and Greenberg (3), except for glycine and alanine in the 
liver. Thev found alanine to be concentrated in the liver to a greater 
degree than glycine. Our results show the opposite to be true. This 
difference could be due to different techniques used. They measured total 
amino nitrogen. Conversion of alanine to aspartic acid would not be de- 
tected. By measuring individual amino acids we found an increase in 
aspartic acid which would account for the lower alanine values obtained 
by us (Table I). 


is not msible. 


SUMMARY 


By using quantitative paper chromatography, the ability of kidney, liver, 
and muscle to concentrate injected amino acids was studied. The pat- 
tern of concentration was found to be characteristic of each organ. In- 
terconversions of amino acids, possibly by transumination, were demon- 
strated in some cases. 
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a-KETO ACID-ACTIVATED GLUTAMINASE AND 
ASPARAGIN ASE 


By JESSE P. GREENSTEIN anno VINCENT E. PRICE 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, December 11, 1948) 


When fresh, aqueous extracts of rat liver are heated for 10 minutes at 
50°, their capacity to desamidate L-glutamine and L-asparagine is almost 
completely lost (1). When, however, pyruvate is added to such previously 
heated extracts, the capacity of the latter to desamidate glutamine and as- 
paragine is not much less than that of unheated extracts to which the same 
amount of pyruvate had been added (1). These phenomena can be ex- 
plained in either of two ways; namely, (a) the addition of pyruvate re- 
stores the glutaminase and asparaginase activity of the heated extract by 
some sort of reversal of denaturation, or (6) there are two glutaminases 
which differ and two asparaginases which differ, both in their heat stability 
and in their capacity to be activated by added pyruvate. 

In case of glutaminase activity, the validity of the second of these alter- 
natives has been shown by the recognition and separation of two glutami- 
nases in aqueous homogenates of rat liver. One glutaminase is relatively 
heat-labile, sedimentable on centrifugation, and activated by added phos- 
phate or arsenate, but not by pyruvate (glutaminase I), whereas the other 
is relatively heat-stable, non-sedimentable on centrifugation, and active 
only in the presence of pyruvate or other a-keto acid (glutaminase IT) 
(2-8). Glutaminase I has been found in all animal tissues studied, whether 
normal or neoplastic (8, 9). Glutaminase II has been noted so far only in 
liver and in tumors derived therefrom (8, 10). 

Although it appears probable that there are also two asparaginases in rat 
liver, no such clear-cut separation of the two has as yet been effected as in 
the case of the glutaminases. On high speed centrifugation of aqueous 
rat liver homogenates, all of the asparaginase activity is found in the super- 
natant.' However, for the time being, and on the basis of selective heat 
denaturation, we have tentatively designated the heat-labile fraction in rat 
liver as asparaginase I and the relatively heat-stable, pyruvate-activated 
fraction as asparaginase II. 

The desamidation of glutamine by fresh, aqueous extracts of rat liver is 
very slow, for in the presence of the suboptimal quantities of phosphate and 
pyruvate in such extracts, neither glutaminase I nor glutaminase II is 


' Personal communication from Dr. M. Errera. 
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fully activated. It is therefore possible to study either glutaminase I or T] 
on the unheated extract by adding either phosphate or pyruvate respeec- 
tively. On the other hand, the desamidation of asparagine in rat liver 
extracts is relatively faust, for asparaginase I appears to be almost com- 
pletely active. In order, therefore, to study asparaginase II activity ade- 
quately, it is necessary to work with heated liver extracts in which aspara- 
ginase I activity is nearly completely destroyed. 

Since many of the previous investigations have been concerned with 
glutamine and pyruvate, we have extended these studies (a) to the effect 
on the desamidation of glutamine by another a-keto acid, namely a-keto- 
isocaproate, and (b) to the effect of both pyruvate and a-ketoisocaproate 
on the desamidation of asparagine. 


EXPRRIMENTAL 


The tissues of over 75 male Osborne-Mendel rats, weighing 150 to 200 
gm., were employed for these studies. The animals were sacrificed by de- 
capitation, and the tissues were immediately removed and used within a 
half hour of preparation of the digests. Extracts were prepared by grind- 
ing the tissues with sand in a mortar, taking up the paste in the requisite 
amount of distilled water, and lightly centrifuging to remove sand and 
tissue débris. 

The digests were composed of | cc. of extract, 1 cc. of veronal-acetate 
buffer at 0.014 m concentration (no NaCl present), | ec. of either water or 
amino acid amide, and | cc. of either water or salt solutions. When heated 
extracts were used, the practice was to plunge the digestion tube con- 
taining the | cc. of extract into a water bath at 50°, allowing the tube to 
stand at this temperature for 10 minutes, and then immediately chilling 
the tube in ice. The extract was brought back to room temperature and 
the other components of the digest added. At the end of the incubation 
period (37°), the ammonia evolved was aerated over into sulfuric acid traps 
and determined by nesslerization. All data reported are corrected for the 
appropriate controls. 

The glutamine was a gift of the American Cyanamid Company. On 
1 minute's boiling with | ~ HCI, 90 to 95 per cent of the amide nitrogen 
was hydrolyzed. The asparagine was a Merck product. The preparation 
of sodium pyruvate has been described (6). 

The a-ketoisocaproic acid was prepared by the acid hydrolysis of acetyl 
dehydroleucine (11) and was converted into the stable sodium salt by 
adding an equivalent amount of NaOH to the concentrated aqueous solu 
tion of the keto acid, followed by an excess of absolute alcohol. The pre- 
cipitate which appeared was dissolved in the minimum amount of warm 
water and the solution treated with 6 times its volume of acetone. The 
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sodium salt of @-ketoisocaproic acid appeared in the form of glistening 
prisms containing | molecule of water of crystallization. The yield was 
nearly quantitative. 


Cualeulated, C 42.4, H 6.4; found, C 42.5, Il 6.4 


On heating at 7S~ at | mm. of I[g pressure for 6 hours over phosphorus 
pentoxide, the cormpound lost 10.2 per cent in weight; caleinten for | 
molecule of water of crystallization, 10.5 per cent. 

No ammonia was evolved in digests of previously boiled extracts with 
glutamine or asparagine in the presence of either pyruvate or a-ketoiso- 
caproate. 


Studies on Glutaminase II in Unheated Tissue Extracts 


pH-Actwity Relations——The desamidation of glutamine in unheated rat 
liver extracts as a function of pH in the presence and absence of added 
a-ketoisocaproate is described in Fig. 1. The optimal pH in the absence of 
added keto acid is 8.0, and in the presence of added ketoisocaproate this 
pH shifts to about 8.8. The considerable acceleration of desamidation of 
the glutamine is also revealed in Fig. 1. For purposes of comparison, the 
pH-activity curve of glutamine desamidation in the presence of added pyru- 
vate (1) is given. The marked difference in the pH optima of glutaminase 
activity in the presence of pyruvate and of ketoisocaproate, namely 7.2 
and 8.8 respectively, reveals the influence of the nature of the keto acid 
on the reaction. Whether two different glutaminases IT are involved can- 
not be answered at the present time. 

Influence of Keto Acid Concentration —-With increasing ketiosocaproate 
concentration the desamidation of glutamine in rat liver extracts reaches 
4 maximum value, and thereafter declines (Fig. 2). In this respect, the 
effect of ketoisocaproate is similar to that of pyruvate and phenylpyruvate 
(5). Again, as with pyruvate, there appears to be a relation between the 
amount of ketoisocaproate necessary to bring the desamidation of gluta- 
mine to the maximum value and the amount of glutamine employed. 
Thus, the maximum for 14 ue of glutamine is noted when 46 um of pyruvate 
(5) and 16 um of ketoisocaproate are present, and with 28 um of glutamine 
the maximum is reached with about 92 and 32 um of pyruvate and ketoiso- 
caproate, respectively. The molar ratio of keto acid to glutamine at the 
maximum is about 3 for pyruvate (5) and about | for ketoisocaproate. 

The data in Fig. 2 were obtained by setting the pH of each digest care- 
fully at 6.9, which is far from the optimal pH value. However, sub- 
stantially the same results were obtained at pli 8.0, for although more 
glutamine was desamidated at this pH, the maximum desamidation oc- 
curred at 16 um of a-ketoisocaproate when 14 um of glutamine were used. 
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ph 
Fic. 1. Relation of pH to desamidation of glutamine in rat liver aqueous extracts. 
Veronal buffers used below pH 8.0, and glycine buffers used above pH 8.0. @ repre- 
sents glutamine desamidation in absence of added keto acid, X represents glutamine 
desamidation in the presence of a-ketoisocaproate (16 uw), and O represents gluts- 
mine desamidation in the presence of pyruvate (23 wm) (2). 14 wm of glutamine 
used throughout; incubation period, 4 hours at 37°. 
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MICROMOLES KETO!ISOCAPROATE 
Fic. 2. Relation of concentration of a-ketoisocaproate to glutamine desamidation — 
in rat liver aqueous extracts. X represents data obtained with 14 ym of glutamine, | 
and @ represents data obtained with 28 uu of glutamine. pll of each digest sets | 
6.9; incubation period, 4 hours at 37°. 
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Studies with Other Rat Tissues—Aqueous extracts of rat brain, kidney, 
spleen, and skeletal muscle were prepared as before (6) and incubated at 
pH 8.5 with 14 us of glutamine in the presence and absence of 16 um of 
added a-ketoisocaproate. With these tissues, no acceleration of gluta- 
mine desamidation occurred when the keto acid was added. ‘The findings 
again show that the a-keto acid-activated glutaminase II is apparently an 
exclusively hepatic function (ef. (10)). 


Studies on Asparaginase II in Heated and Unheated Tissue Extracts 


pHl-Activity Relations in Heated Rat Liver Extracts—Fig. 3 describes the 
effect of pH on asparaginase II activity in the presence of pyruvate and 
a-ketoisocaproate, respectively. The pll of optimal desamidation of as- 
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Fic. 3. Effect of pH on asparagine desamidation in heated rat liver extracts. 
The digests consisted of 1 cc. of heated extract equivalent to 165 mg. of tissue, 1 cc. 
of 0.014 w veronal-acetate buffer, 1 ce. of water or 0.014 M asparagine, and 1 cc. of 
water or 0.4 w sodium salt of the keto acid. @ refers to a-ketoisocaproate, X refers 
to pyruvate, and @ refers to digests without added keto acid. Incubation period, 
1 hour at 37°. 


paragine in unheated rat liver extracts is about 8.0 (1), and the same value 
is noted for heated extracts (Fig. 3). With a-ketoisocaproate, the pH at 
optimum activity occurs at about 7.5. There is little asparaginase activity 
in the heated extract in the absence of added keto acid. 

Effect of Added Salt Concentration on Asparaginase Activity—When so- 
dium lactate or sodium pyruvate is added to unheated rat liver extracts, 
there is a relatively small but definite and reproducible increase in desami- 
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dation of asparagine (Fig. 4) (2). When added to heated extracts, sodium 
pyruvate produces a considerable increase in desumidation of asparagine. 
reaching a level of activity not much les« than that of the unheated ex. 
tract. Sodium lactate, however, when added to the heated extract pro- 
duces no activation at all. The effect of sodium a-ketuisocaproate is prac. 
tically the same as that of sodium pyruvate 
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bic. 4. flect of added malt concentration on BS te desomidation in rat liver 
extracts, The continuous lines refer to data on heated extracts. The dash line 
refers to data on unheated extracts The digests conmeted of Lec. of rat liver aque 
ous extract equivalent to 165 mg. of tiesuc, 1 ec. of 0.014 uM veronal-acetate buffer at 
pli 8.4, 1 cc. of water or asparagine, and lec. of waterorsalt. Final pli of the digest 
at every point, 8.1 + 0.10. J refers to sodium lactate or sodium pyruvate whieh 
vields practically the same valuce with unheated extract and 0.014 mM asparagine. 
© refers to sodium pyruvate, @ refers to sodium a-ketoisocaproate, @ refers & 
sodium lactate in heated extracts and 0.014 w asparagine, and & refers to sodium 
pyruvate in heated extracts and 0.028 « asparagine. Incubation period, | hour at 
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The curves in Fig. 4 show some interesting points of difference from 
those obtained with glutamine and keto acids, and some surprixing points 
of similarity with those obtained with glutamine and phosphate. It & 
recalled (cf. Fig. 2) (5, 7) that with increasing amounts of added a-keto 
acid the desamidation of glutamine reaches a maximum value and there 
after declines. With twice the concentration of glutamine (cf. Fig. 2 
(5), about twice as much a-keto acid is needed to reach maximum des 
amidation, but the actual amount of glutamine desamidated is no 
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greatly increased. On the other hand, with an increasing amount of 
added phosphate to either liver (12), kidney (8), or brain (6) extracts, the 
desamidation of glutamine reaches a maximum value and remains at this 
value up to relatively high concentrations of phosphate. With twice the 
concentration of glutamine, about twice as much phosphate is needed to 
reach maximum desamidation, but the actual amount of glutamine des- 
amidated is doubled (8, 12). Reference to the curves in Fig. 4 shows 
that the effect of a-keto acids on asparagine desamidation in heated rat 
liver extracts resembles more the effect of phosphate on glutamine desami- 
dation than it does the effect of a-keto acids on glutamine desamidation. 


HVYOROLYZED 


MICROMOLES ASPARAGINE 


HOURS 


Fic. 5. Time course of the desamidation of atparagine with heated extracts of rat 
liver The digest« consmated of l cc of extract equiy slent to 165 nig. of tissue, I ce. 
0.914 veronal-acetate buffer at pl] S4, ce. of either water or 0.014 M asparagine, 
and lec. of either water or 0.023 «sodium pyruvate. Final pll of the digest at each 
point, 8.1 + 0.10. Curve I refers to digests with added pyruvate, and Curve I 
refers to digests without added pyruvate 


The molar ratio of added a-keto acid to asparagine at maximum activa- 
von of desamidation in heated rat liver extracts is roughly 2.5 (Fig. 4). 

Time Course of Desamidation of Asparagine—Fig. 5 describes the con- 
tinuous time course of the desamidation of asparagine in heated rat liver 
extracts in the presence and absence of added pyruvate? 

Effect of Added Salts on Asparagine Desamidation in Heated and Un- 
heated Extracts of Several Rat Tissues —Aqueous extracts of rat liver, kid- 
ney, spleen, and brain were divided in halves, and one-half heated as usual 


* Similar studies with pt-asparagine have shown that only one isomer (presumably 
the t form) is hydrolyzed in the presence or absence of added pyruvate. 
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at 50° for 10 minutes. Digests with asparagine were prepared, and the re- 
sults of the digestion are given in Table I. 

With unheated liver extracts there is the customary smal! but definite 
increase in desamidation on addition of relatively high concentrations of 
sodium lactate or sodium pyruvate. In the corresponding heated extract. 
‘he desamidation of asparagine almost completely disappears in the pres. 
ence of added sodium lactate, but is almost completely retained in the 
presence of added sodium pyruvate. 


Taste 
kffect of Sodium Lactate and Sodium Pyruvate on Desamidation of Asparagine in 
Heated and | nheated Rat Tissue Evrtracts* 
Micromoles asparagine hydroly aed in ettract of 


Added salt Liver? Kidory$ Brain? 


Un- Us Us Us. 


None 4 i 3 2 0 
Sodium lactate 6 I ‘ 4 3 2 I 0 
pyruvate$ 6 4 4 3 2 0 


* The digests consisted of 1 cc. of fresh aqueous tissue extract, | cc. of verona! 
acetate buffer at pH 8.4, l ec. of either water or 0.014 w asparagine, and 1 ce. of either 
water or 0.4m salt solution. pll of mixture,8.1. Extracts divided in halves before 
digestion, and one-half heated at 3D” for 10 minutes. 

t Extract equivalent to 165 mg. of tissue perce. Incubation period, 1 hour at 37" 
$ Extract equivalent to 330 mg. of tissue perce. Incubation period, 2 hours at 
c 


37°. 
§ Phenylpyruvate yielded the same results as pyruvate. 


With unheated extracts of kidney, spleen, and brain no acceleration of 
asparagine desamidation appears to occur on addition of either sodium 
lactate or sodium pyruvate. In the corresponding heated extract, the 
desamidation of asparagine is uniformly diminished, whether added salt is 
present or not. It seems reasonable to conclude that kidney, spleen, and 
brain do not contain asparaginase II, and that this enzyme, like glutami- 
nase II, may be exclusively a hepatic function. Whether kidney, spleen, 
and brain contain the same asparaginase I as liver cannot be answered 
definitely at the present time. Added sodium lactate does not apparently 
activate asparaginase activity in these tissues as it does in liver under the 
same experimental conditions (Table 1). 

Synthesis of 8-.-Aspartyl-L-alanine—One of the explanations suggested 
for the activating effect of a-keto acids on the desamidation of glutamine 
and asparagine is based upon the possibility that these amino acid amides 
might condense with a-keto acids to form the corresponding dehydropep- 
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tides which are then hydrolyzed by active dehydropeptidases in liver to 
yield glutamic or aspartic acid, ammonia, and the regenerated keto acid 
(2,5). One proof of this possibility would be afforded by the synthesis 
of such dehydropeptides as y-glutamyldehydroalanine or 3-aspartyldehy- 
droalanine, followed by evidence that these compounds were rapidly hy- 
drolyzed by enzymatic action in liver extracts. So far, attempts to syn- 
thesize these compounds have been fruitless. It is possible, however, to 
synthesize the corresponding saturated peptides, and a brief description is 
given of the preparation of 3-L-aspartyl-t-alanine and of the failure of liver 
and of kidney extracts to hydrolyze it. The resistance of this saturated 
peptide to enzymatic hydrolysis does not mean that the corresponding 
analogous dehydropeptide would not be hydrolyzed under the sume con- 
ditions. It is possible also that, whereas 3-substituted aspartyl peptides 
may be enzymatically resistant, y-substituted glutamyl peptides may be 
enzymatically susceptible, as shown by recent observations on the ease of 
enzymatic hydrolysis of glutathione in liver and kidney extracts to vield 
glutamic acid and cysteinylglycine (13). The problem of the keto acid 
activation of glutamine and asparagine desamidation is therefore still open. 
Methods to bring this problem to solution are being intensively explored 
at the present time. 

Methyl Ester-a-Benzyl Ester gm. 
of carbobenzoxy-L-aspartyl-a-benzy! ester-3-acid chloride (14) were added 
in small portions and with cooling to a dry ether solution of 14 gm. of 
alanine methyl! ester. The mixture was allowed to stand for a half 
hour and was then extracted twice with dilute HCI, once with dilute bi- 
carbonate solution, and finally with water. After drying over Na SO,, 
the ethereal solution was evaporated tn vacuo to a low bulk. The product 
quickly crystallized on scratching, forming long needles. The yield was 
9.2 gm., or 42 per cent of the theory. M_.p., 102°. 


CyuHanOeNs. Caleulated, C 62.5, H 5.9, N 6.4; found, C 624, WH 5.7,N 65 


gm. of carbobenzoxy-3-L-aspartyl-L-alanine 
methyl ester-a-benzyl ester were dissolved in 20 cc. of acetone and treated 
with 15 ec. of 2% NaOH. The mixture was shaken for }] hour at 25° and 
then treated with 25 cc. of 2N HCl. The acetone was removed by evapora- 
tion, and the oil which appeared was taken up in ether. The ether solu- 
tion was washed twice with water and evaporated in vacuo to a thick 
syrup. The syrup was not brought to crystallization but was immediately 
hydrogenated. For this purpose, the syrup was dissolved in a little metha- 
nol-H,O and hydrogenated in the usual manner in the presence of pal- 
ladium black (15). At the end of the reaction, the sdlution was evaporated 
tm vacuo to a low bulk and absolute alcohol added carefully to slight ex- 
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cess. The peptide appeared in sheaves of prisms. The vield was 1.2 gm. 
or 0) per cent of the theory. For analysis the compound was ervstallized 
again from water-aleohol, 232°. 


Caleulated, C 41.1, 11.5.9, N 13.7; found, C 40.6, H 3.8. N 184 


There was no evidence of water of crystallization in the compound. 

Digests were prepared by mixing | cc. of either rat liver equivalent to 
165 mg. of tissue or rat kidney equivalent to 50 mg. of tissue with 1 ce. of 
borate buffer at pil 8.0 and | cc. of cither water or neutralized 0.025 y 
substrate solution. After 2 to 3 hours of incubation at 37°, the digests 
were examined for a-amino acid nitrogen by the manometric ninhydrin 
method of Van Slyke. The results were completely negative. These nega- 
tive results are consistent with those of Grassmann and Schneider, who 
found that 8-L-aspartylglycine was not hydrolyzed by peptidase prepara- 
tions which acted rapidly on a-L-aspartvigiveine (16). 

Studies on Asparagine Derivatives —N-Carbobenzoxy-L-asparagine (15) 
is not desamidated when incubated with heated or unheated rat liver ex- 
tracts, whether pyruvate is added or not. It is evident that for asparagin- 
ase activity the presence of a free a-NH, group in the substrate is neces- 
The desamidation of isoglutamine in digests with rat liver extracts is not 
affected by added pyruvate (l—4). No effect of added pyruvate has been 
observed on the enzymatic desamidation of isoasparagine in digests with 
heated or unheated rat liver extracts set up exactly as described above for 
asparagine. The relation of the a-keto acids to the desamidation of amino 
acid amides is apparently restricted to the w-amides. 

Recovery of Pyruvate-——At the end of the incubation period, digests with 
heated or unheated rat liver extracts with asparagine and pyruvate yield 
an 80 per cent recovery of the keto acid. This is the same as in similar 
digests without asparagine and shows that whatever effects pyruvate may 
have on the desamidation of asparagine the keto acid is not consumed in 
the reaction (ef. (1-4)). 


The authors wish to acknowledge the skilful assistance of Miss Florence 
M. Leuthardt. 


SUMMARY 


1. The activation of glutaminase II by a-ketoisocaproate in digests of 
rat liver extracts with glutamine is optimal at pH 8.8 and at a molar ratio 
of keto acid to glutamine of about unity. 

2. The separation of asparaginase I from a-keto acid-activated aspara- 
ginase IT activity in liver extracts by selective heat denaturation is dis- 
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cussed, and heated preparat ions of rat liver extracts have been taken as 
sources of asparaginase II. The activation of asparaginase II by a-keto- 
jsocaproate and by pyruvate in digests of heated rat liver extracts with 
asparagine is optimal at pH 7.5 and 8.0, respectively, and at a molar ratio 
of either keto acid to asparagine of about 2.5. With an increasing amount 
of added keto acid the desamidation of asparagine does not decrease, as is 
the case with glutamine, but is maintained at a nearly constant level. 
The course of the desamidation of asparagine in the presence of pyruvate 
js continuous with time of incubation and approaches the theoretical value. 

3. Sodium lactate or sodium pyruvate added to unheated liver ex- 
tracts produces a small but definite increase in the desamidation of as- 
paragine. In heated extracts, the desamidation of asparagine in the pres- 
ence or absence of sodium lactate almost completely disappears, but in the 
presence of sodium pyruvate it is nearly completely retained. Extracts of 
rat kidney, spleen, and brain do not show these activation phenomena, and 
it is concluded that asparaginase II is not present in these tissues. 

4. The preparation of 8-L-aspartyl-L-alanine is desenibed. Neither this 
peptide nor N-carbobenzoxy-L-asparagine is hydrolyzed by rat tissue ex- 
tracts. 
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ENZYMATIC CONVERSION OF 3-HYDROXYANTHRANILIC 
ACID TO NICOTINIC ACID* 


By B.S. SCHWEIGERT 


(From the Division of Biochemistry and Nutrition, American Meat Institute 
Foundation, University of Chicago, Chicago) 


(Received for publication, December 16, 1948, 


The apparent conversion of tryptophan to nicotimie acid has been ob 
served for several animal species (ef. (1)). Other studies demonstrated 
that at least some of the nicotinic acid (or amide) was synthesized within 
the tissues of the animal (2,3). It was of interest to extend these studies 
and the ability of liver slices to synthesize nicotinic acid from its biologi- 
eally active intermediate, 3-hydroxyanthranilic acid (4, 5), was investi- 
gated. The results of these studies are reported in this paper. 


EXPERIMENTAL AND RESULTS 


Approximately 300 mg. of liver slices (70 mg., dry weight) obtamed from 
rats fed stock ration were incubated either in 3 ml. of Krebs-Ringer-phos- 
phate buffer or in buffer plus 224 y of 3-hydroxvanthranilic acid in War- 
burg flasks. ‘The flasks were incubated at 38° and, after a period of 3 
hours, the entire contents of each flask were treated with 10 ml. of 1 N 
H,S0O,, autoclaved for 30 minutes, and the nicotinic acid content in suitable 
aliquots determined with Lactobacillus arabinosus as the test organism. 

The amount of nicotinic acid present in each flask was calculated and 
the results expressed on the basis of 300 mg. of fresh tissue per flask. The 
results obtained for several experiments are shown in Table 1. The values 
obtained for the control flasks (buffer plus tissue) were averaged within 
each experiment when the nicotinic acid activity attributable toadditions 
of 3-hydroxyanthranilic acid was computed. It can readily be seen that 
appreciable amounts of 3-hyvdroxvanthranilic acid were converted to nico- 
tinic acid in each case. The amount converted varied from 3.5 to 8.3 
per cent of theoretical vield in individual tests. Liver slices were unable 
to convert tryptophan to nicotinic acid. 

Control experiments showed that 3-hydroxvanthranilic acid was devoid 
of nicotinic acid activity for the test organism, Lactobacillus arabinosus. 
This is in agreement with the report of Voleani and Snell (6). In other 
tests, conducted as described earlier (7), 3-hydroxyanthranilic acid was also 
found to be inactive as a tryptophan precursor for Lactobacillus arabinosus. 


* We are indebted to Dr. H. K. Mitchell, California Institute of Technology, for 
supplying the 3-hydroxyanthranilic acid, and to M. M. Darrow and O. H. M. Wilder 
for the rats used in this study. 
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NICOTINIC ACID SYNTHESIS 


This organism is therefore well suited for measuring the nicotinic acid- 
active compounds in these experiments. 


These tn vitro experiments afford further proof for the tissue synthesis 


of nicotinic acid. 


* Molar basis. 


Tasie | 
Conversion of 3-Hydroryanthranilic Acid to Nicotinic Acid 


ontent»s 


1 | Control 
3-Hydroxyanthranilic acid 
Control 
8-Hydroxyanthranilie acid 
Control 


3-Hydroxyanthranilic acid 
Control 
3-Hydroxyanthranilic acid 
Control 
3-Hydroxyanthranilic acid 


Control 


3-Hydroxvanthranilic acid 


The detailed study of the enzymatic steps and factors 
which influence them should afford significant information on the pathways 
involved in nicotinic acid synthesis from tryptophan. 


Nicotinic acid produced 


Per 00 
mg. liver 
slices 


rom 
drory- 


anthranilic 
acid 


© 


As 
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5.4 
8.3 
§.8 


4.9 
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The ability of liver slices to convert 3-hydroxyanthranilie acid to nico 


tinic acid was investigated. 


(1948). 
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SYNTHESIS OF a-AMINO-3-HYDROXY-n-BUTYRIC ACIDS 
VII. AN IMPROVED SYNTHESIS OF ot-ALLOTHREONINE 


By HERBERT E. CARTER ano CHARLES L. ZIRKLE* 


(From the Division of Biochemigtry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, December 21, 1%4s) 


Several methods are available for the synthesis of pi-threonine (1-3). 
However, each of these involves the separation of threonine from a mix- 
ture containing varying proportions of the isomeric allothreonine. Re- 
cently it has been reported that derivatives of pi-allothreonine may be 
converted to pL-threonine in excellent yields (3-5). These developments 
make the preparation of pL-allothreonine of interest as a key intermediate 
in the synthesis of pL-threonine. 

Although several methods for preparing allothreonine have been de- 
scribed (6, 7), none of these is entirely satisfactory. In considering other 
synthetic routes to this amino acid, it was decided to investigate the reac- 
tion of a-bromo-8-hydroxy-n-butyric acid with ammonia. 

As has been pointed out previously (8) a-halogen-s-hydroxy acids, when 
treated with ammonia, are converted into glycidic acids which may add 
ammonia at either the a- or the 8-carbon atom (9). Thus in the amina- 
tion of a-bromo-8-hydroxy-n-butyric acid (1) there is the possibility that 
the epoxide intermediate (11) may yield either the a-amino-3-hydroxy acid 
(III), the 8-amino-a-hydroxy acid (IV), or a mixture of the two. 


OH NH, 


CH,CH--CH--CO.H — CH,CH——CH--CO,H 
. 
OH Br CH,CH-—-CH—CO,H 
NH, OH 
(IV) 


The literature indicates that either reaction may occur, depending on 
the particular compounds employed. Thus a-chloro-8-hydroxypropionic 
acid (10) and glycidie acid (11) react with ammonia to give isoserine, 
whereas ethyl a-bromo-8-hydroxypropionate on treatment with benzyl- 
amine gives N-benzylserine ethyl ester (12).+ a-Bromo-8-hydroxy-8-phen- 
ylpropionic acid and £-phenylglycidic acid with ammonia give a mixture 


* Smith, Kline and French Laboratories Walter G. Karr Fellow, 1948-49. 
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of phenylserine and phenylisoserine in which the latter predominates (13), 
whereas with aromatic amines the a-amino-8-hydroxy acid is formed (14), 
Melikoff (15) reported that amination of 2-methylglycidie acid yielded 
8-amino-a-hydroxy-n-butyric acid, but gave no evidence for the structure 
of the product. More recently Burch (16) concluded, on the basis of 
slight evidence, that the product obtained by amination of a-chloro-s-hy- 
droxy-n-butyric acid was a mixture of the two aminohydroxy acids. It 
seemed desirable, therefore, to investigate this reaction further. 

It was found that a-bromo-3-hydroxy-n-butyric acid reacts smoothly 
with aqueous ammonia either at room temperature or at 65-75", giving 
the aminohydroxy acid in 80 to 90 per cent yield. The crude product gave 
N-benzoyl-pi-allothreonine in 90 per cent yield. The unrecrystallized 
derivative melted at 173-174° (pure N-benzoyl-pL-allothreonine melts at 
176-177°). Several attempts were made to isolate other benzoy! deriva- 
tives from the mother liquors but with no success. No evidence was ob- 
tained for the presence of 8-amino-a-hydroxy acids or of pL-threonine. 
It would appear, therefore, that the reaction of a-bromo-s-hydroxy-n- 
butyric acid with ammonia is highly specific, not only structurally but 
also stereochemically, since only one of the four possible pL-aminohydroxy- 
n-butyric acids is produced, 

The excellent results in the amination step made this procedure a very 
promising one, provided a satisfactory method of preparing a-bromo-s- 
hydroxy-n-butyric acid could be developed. Melikoff (17) obtained this 
substance by treating crotonic acid with a solution of hypobromous acid 
prepared from bromine and water in the presence of mercuric oxide. Only 
one of the two possible racemic forms of the a-bromo-8-hydroxy acid was 
obtained. Since this method did not appear practical for the preparation 
of the acid in quantity, the convenient technique employed by Read and 
Andrews (18) in making the bromohydrin from cinnamic acid was studied. 
By passing bromine vapor into an aqueous solution of crotonic acid, a high 
yield of the crude hypobromous acid addition product was obtained, to- 
gether with a small amount of the dibromo acid. The crude product was 
easily purified to give a-bromo-3-hydroxy-n-butyric acid in 79 per cent 
vield. In agreement with the results of Melikoff (17) only one racemic 
form of the bromohydroxy acid, m.p. 86-87°, could be isolated from the 
reaction mixture. The highest vield was obtained by brominating a 0.34 


mu solution of crotonic acid; increasing the crotonic acid concentration to | 
(0.67 m led to a decreased yield of bromohydroxy acid together with an in- | 


crease in the amount of dibromo acid formed. 

This procedure provides an excellent method for the synthesis of DI- 
allothreonine, since it gives a high yield of a product which contains little 
or no DL-threonine or 8-amino-a-hydroxy-n-butyric acid. 
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EXPERIMENTAL 


a-Bromo-8-hydroxy-n-butyric Acid—A solution of 23.2 gm. (0.27 mole) 
of crotonic acid in SOO ml. of water (0.34 mM) was placed in a 4 liter beaker 
and cooled to 0-5°. The solution was stirred vigorously while a stream 
of air charged with bromine vapor was introduced. The bromine vapor- 
air mixture was obtained by bubbling a slow stream of air through 45 gm. 
of bromine (0.28 mole) in a gas-washing bottle at room temperature and 
was passed into the reaction vessel through a glass tube terminating in a 
perforated bulb. The air stream was regulated so that the reaction mix- 
ture remained colorless or became only slightly yellow. The addition re- 
quired about 5 hours (with less vigorous stirring, 8 hours). After all the 
bromine was added, air was bubbled rapidly through the reaction mixture 
for an additional 30 minutes to remove any excess bromine. ‘The colorless 
solution was decanted from a small amount of brown oil (probably cro- 
tonic acid dibromide) adhering to the sides of the beaker and was extracted 
with two 150 ml. portions of low boiling petroleum ether. The aqueous 
solution was saturated with sodium chloride and extracted with three 200 
ml. portions of ether. ‘The ether and the petroleum ether extracts were 
dried over magnesium sulfate and the solvents were removed in vacuo. 
The petroleum ether extract gave 2.0 gm. of crude crotonic acid dibromide 
which after recrystallization from benzene melted at 86-87°. (Michael 
and Norton (19) reported a melting point of 87° for this acid.) This ma- 
terial liberated iodine immediately from a solution of sodium iodide in ace- 
tone. The ether extract yielded a pale yellow oil which crystallized on 
standing several days in a vacuum desiccator over phosphorus pentoxide. 
(In subsequent runs rapid crystallization was induced by seeding with 
crystalline material.) The yield of crude a-bromo-$-hydroxy-n-butyric 
acid was 44.0 gm. (89 per cent based on crotonic acid). This material 
slowly liberated iodine from an acetone solution of sodium iodide. It was 
triturated with 11 ml. of a benzene-petroleum ether mixture (1:2 by vol- 
ume) and washed with 6 ml. of the same solution, giving an almost white 
solid melting at 84-85°. A second trituration and washing with benzene- 
petroleum ether gave almost pure a-bromo-§-hydroxy-n-butyric acid in 
79 per cent yield. This material melted at 85-86° and did not liberate 
iodine from sodium iodide in acetone. A mixture of this substance and 
crotonic acid dibromide melted at 62-64°. Pure a-bromo-§-hydroxy-n- 
butyric acid melting at 86.5-87° was obtained by recrystallizing the par- 
tially purified material from benzene-petroleum ether (Melikoff (17) re- 
ported a melting point of 86-87° for this acid). The partially purified 
product was entirely satisfactory for use in the amination step. 

Increasing the concentration of the crotonic acid solution to 0.67 M 
lowered the yield of crude bromohydroxy acid to 81 per cent and increased 
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that of the dibromo acid to 18 per cent. Decreasing the concentration of | 


crotonic acid below 0.34 mM did not seem to improve the vield and extrac. 


tion of the bromohydrin from the more dilute solutions was less complete. 


pL-Allothreonine-—(a) A solution of 20.0 gm. (0.109 mole) of pure a- 
bromo-8-hydroxy-n-butyric acid in 200 ml. of 28 per cent aqueous am- 
monia Was allowed to stand atroom temperaturefor4days. The colorless 
reaction solution was concentrated in vacuo, giving a white crystalline 
residue. This was dissolved in a minimum of hot water and 10 volumes 
of hot absolute alcohol were added to the solution. The mixture was 
allowed to cool to room temperature and then was placed in the ice box 
overnight. The white crystalline precipitate was filtered and washed with 
absolute alcohol, then ether. The air-dried product, which contained 
small amount of ammonium bromide, weighed 9.0 gm. By adding ab- 
solute alcohol to the filtrate and allowing it to stand overnight, a second 
crop of crystals (1.9 gm.) was obtained. The total yield of crude product 
(m.p. 234-235°) was 84 per cent of the theoretical amount. Recrystal- 
lization of this material as described above gave pi-allothreonine melting 
at 242-243° (88 per cent recovery). A sample of pure pi-allothreonine 
(1) in the same bath melted at 244-245° and did not depress the melting 
point when mixed with the product above. The over-all yield based on 
the quantity of crotonic acid used was 59 per cent of the theoretical amount. 

Benzoylation of 5.0 gm. (0.042 mole) of the crude product by the method 


of Carter and Stevens (20) vielded 9.6 gm. of crude benzoyl derivative | 


(m.p. 175-176°), which contained some sodium chloride. Recrystalliza- 


tion of this material from 40 ml. of hot water gave 8.3 gm. of N-benzoyl- — 


pt-allothreonine (58 per cent vield based on crotonic acid, m.p. 177°). 
The N-benzoyl derivative was obtained directly from the amination 
mixture by the following procedure. To the amination solution (pre 
pared from 10 gm. (0.055 mole) of bromohydroxy acid as described above 
were added 32 ml. of 2 \ sodium hydroxide. The solution was evaporated 
to dryness under reduced pressure to remove ammonia. The residue was 
dissolved in 17 ml. of water and 38 ml. of 2 N sodium hydroxide. To this 
solution were added in portions 13 ml. of benzoyl chloride and 130 ml. 
2 sodium hydroxide in the usual way. The reaction mixture was worked 
up according to the procedure of Carter and Stevens (20). After recrystal- 
lization of the crude benzoylation product (m.p. 173-174°), N-benzoyl-bL- 
allothreonine was obtained in 50 per cent yield based on crotonic acid. 
(6) The amination described above was repeated with crude a-bromo-- 
hydroxy-n-butyric acid. Crude allothreonine was obtained in 46 per cent 
yield calculated on the amount of crotonic acid used. The water-alcoho 


filtrate was evaporated to dryness in vacuo. The residue, consisting | 
mainly of ammonium bromide, was dissolved in water, the solution made 


alkaline with 2 ~ sodium hydroxide, and concentrated under reduced pres 
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sure to remove ammonia. Benzoylation of the resulting solution by the 
method of West and Carter (21) gave an oily product from which no pure 
benzoyl derivative could be isolated. 

When the crude a-bromo-8-hydroxy-n-butyric acid was allowed to stand 
in the ammonia solution for only 2 days, the yield of crude allothreonine 
was lowered to 40 per cent (based on crotonic acid). 

(c) A solution of 43.7 gm. (0.238 mole) of pure e-bromo-s-hydroxy-n- 
butyric acid in 440 ml. of 28 per cent ammonia water was heated over- 
night in sealed bottles on the water bath (65-75°). The slight yellow re- 
action solution was filtered to remove a trace of gelatinous precipitate and 
worked up as described above. The once recrystallized product melted 
at 222-224°. Benzoylation of 5.0 gm. (0.042 mole) of this material in the 
usual way yielded 8.8 gm. of crude benzoyl derivative (m.p. 172-174°). 
An additional 0.5 gm. of solid was obtained by concentration of the filtrate 
in vacuo to one-half its original volume. After recrystallization from water 
both fractions gave pure N-benzoyl-pL-allothreonine (56 per cent yield 
based on crotonic acid). Upon standing the filtrate from the second crop 
of crystals deposited 0.2 gm. of solid, m.p. 136-140°, from which no pure 
substance was obtained after repeated crystallizations from water. 

The alcohol-water filtrate from the crude amination product was evapo- 
rated to dryness under reduced pressure and benzoylated as described in 
(b). 1.7 gm. of crude product were obtained, which, after several crystal- 
lizations from water, gave 1.0 gm. of N-benzoyl-pi-allothreonine. No N- 
benzoyl-pL-threonine or acid could 
be isolated from the reaction mixture. 


SUMMARY 


1. Amination of a-bromo-3-hydroxy-n-butyric acid gives pL-allothreo- 
nine in high vield. No 8-amino-a-hydroxybutyric acid was isolated from 
the reaction. 

2. a-Bromo-3-hydroxy-n-butyric acid has been prepared in 79 per cent 
vield by bromination of crotonic acid in aqueous solution. 

3. This method for preparing pL-allothreonine is a considerable improve- 
ment over previous syntheses, since it involves fewer steps, gives higher 
yields, and the crude product does not contain appreciable amounts of 
any of the other aminohydroxybutyric acids. 
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THE SOURCE OF AMMONIA IN PLANT TISSUE EXTRACTS 
If. THE INFLUENCE OF UREA 


By I. REIFER ano J. MELVILLE 


(From the Plant Chemistry Laboratory, Department of Scientific and Industrial 
Research, Palmerston North, New Zealand) 


(Received for publication, December 22, 1948) 


In a previous paper (1) we have drawn attention to the discrepancy in 
free ammonia values of fresh and dried green leaf tissue. The evidence 
was derived largely from the pasture grasses but the same observation 
was made with other species; viz., that in practically all cases the ammonia 
of dried tissue was significantly higher than that of fresh tissue. It was 
shown that the increase in ammonia due to drying could not be attrib- 
uted to the hydrolysis of glutamine in the oven, and we tentatively 
postulated the presence in leaves of an ammonia precursor which is even 
more heat-labile than glutamine. 

Attempts were then made by infiltration techniques to increase the 
concentration of this ammonia precursor as measured by the difference 
between fresh and dried ammonia values. A wide variety of nitrogenous 
compounds was introduced into the leaf and it was found that urea caused 
the largest increase in the concentration of ammonia precursor. The 
possibility that urea was responsible for the increase in ammonia on dry- 
ing was therefore investigated and in this paper are recorded certain ob- 
servations on the metabolism of urea in plants. 


EXPERIMENTAL 


Methods for the preparation of plant extracts and analytical procedures 
for the estimation of ammonia and glutamine are as described in the 
previous paper (1). Urea was determined by means of urease, the re- 
sultant ammonia being distilled in vacuo and estimated by hypobromite 
oxidation. Jack bean meal, commercial samples of urease, and crystal- 
line urease were used at various times throughout the investigation. 

Urea determinations have been made on some hundreds of samples of 
grasses under a wide variety of environmental conditions and on a limited 
range of other plants, including peas, beans, silver beet, clovers, tomatoes, 
ete., under ordinary field conditions. Values between 1 and 5 mg. of 
urea N per 100 gm. of fresh tissue were usually obtained, the values being 
almost always higher than those for free ammonia and of the same order 
as those for glutamine. Rye-grass plants, adequately fertilized with am- 
monium sulfate, have given values up to 15 mg. per cent of urea N under 
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certain environmental conditions. On the other hand, a few samples of | 

the same species over the past 2 years have been found to contain no 
measurable quantity of urea, and it is noteworthy that a proportion of t] 
these samples showed little or no increase in ammonia when dried. ; 


In order to explore the possibility that urea was responsible in whole or si 
in part for this increase, the behavior of tissues artificially enriched with = 
urea was studied. Infiltration as a method of enrichment was used in cr 
earlier experiments but was later replaced either by culture of detached pl 


leaves in dilute urea solution (0.1 to 1.0 per cent) or by heavy fertiliza- 
tion of intact plants in the field (5 to 10 gm. per plant watered into the 
soil). Uptake of urea was of course rapid in detached leaf cultures, but 
the speed with which urea absorption by the roots was manifested in the 
leaves was somewhat surprising. For example, a rye-grass plant befor 
fertilization contained 1 mg. per cent of urea N in the leaves; within | 


Effect of Culture of Rye 4irase Leaves in 0.4 Per Cont Urea Solutions on NHyN ant 
Glutamine Amide \, Expressed As Mg. per 100 Gm. Fresh Weight 


Ammonia N Glutamine amide N 
Pe sod of culture 
resh tissue Dried tissuc Fresh tissue 

0 0.7 1.4 3.6 

l 1.40 8.5 10.4 

2 0.47 14.4 25.8 

4 1.05 14.6 37.2 

6 2.68 12.5 44.7 

24 0.47 23.3 46.5 

hour the value had increased to 4 mg. per cent and the concentration 


reached a peak of 35 mg. per cent of the fresh weight between 16 and % 
hours. In culture experiments, values for urea N of 45 mg. per cent 
have been recorded after 16 hours. 

Behavior of Urea-Enriched Tissues on Drying —When artificially enriched 
tissues are rapidly dried at 80°, the increase in ammonia on drying is very 
much greater than in any case cited in the previous paper. In Table! 
are given typical results of ammonia values for fresh and dried rye-gras 
leaves after culture in dilute urea solutions, and parallel glutamine value 
are included to illustrate the rapid and consistent increase in this metabolite 
under these conditions. The figures demonstrate the rapidity with whic 
urea is absorbed, the consistently low values for free ammonia in the frest- 
leaves, and the large divergence between the ammonia values of fresh ané 
dried tissue after the Ist hour of culture. | 
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These results, together with the demonstration that urea is a normal 
leaf constituent, offer strong presumptive evidence for the hypothesis 
that urea is the source of the extra ammonia found on drying. The break- 
down of urea cannot, however, be explained on the grounds of heat lability, 
since urea is considerably more stable than glutamine when heated in 
aqueous solution. An alternative explanation is that the breakdown is 
enzymatic, and the following evidence is adduced to show that this ex- 
planation is reasonable. 

The establishment of urease as a normal constituent of leaf tissue was 
the first requirement, and we have confirmed the findings of earlier work- 
ers that urease is widely distributed throughout the plant kingdom. By 
incubation of fresh leaf macerates with urea in the presence of HS for 
periods up to 1 hour at 37°, every tissue examined has shown consider- 
able urease activity. 

It then remained to show that the conditions of drying used in this 
Laboratory, viz. dehydration to 5 per cent moisture level at 80° + 2° in 
35 to 45 minutes, are such that the hydrolysis of urea is possible. From 
careful study of the tissue during the drying period, it is believed that 
the course of events is as follows: the stream of air at 80° heats the tissue 
quite rapidly to a temperature (probably about 60°) at which the cell 
structure begins to break down; dehydration of the cytolyzing leaves is 
rapid and the latent heat of vaporization prevents any marked rise of local 
temperature until drying is almost complete. The conditions during 
this period of cytolysis at intermediate temperatures are conducive to 
rapid hydrolysis of urea without too serious a loss of urease through heat 
inactivation. 

Two lines of evidence support this general postulate. The first comes 
from drying experiments at 50°, at which point there is no obvious cy- 
tolysis, and at 80° on enriched leaves which were infiltrated with mercuric 
chloride to prevent enzyme action. In a typical example, the ammonia 
values for fresh leaves, leaves dried at 80° (for 35 minutes), leaves dried 
at 80° in the presence of mercuric chloride, and leaves dried at 50° were 
1.23, 6.54, 2.37, and 3.21 mg. per cent respectively. When leaves were 
cytolyzed with ether before drying, the results at 50° and 80° were prac- 
tically identical. 

The second line of evidence is that leaf tissue dried at 80° still exhibits 
considerable urease activity, as is demonstrated in the following experi- 
ment. Dried and ground leaf tissue containing only 1.0 mg. per cent of 
urea N was incubated with dilute urea solution for 30 minutes at 37° 
with a consequent increase in free ammonia N of 4 mg. per cent. The 
demonstration that tissue urease is not completely destroyed during dry- 
ing has a further implication with respect to the standard extraction pro- 
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cedure. 
10 minutes (2). We felt that, if the urease survived drying at 80°, fur. 
ther hydrolysis during extraction with hot water might occur. A com. 
parison was therefore made between extraction of dried tissue in the War. 
ing blendor in the cold, and by the standard hot water procedure, the 
relevant results being shown in Table II. Also included are the fresh 
ammonia values and the results of further incubation for 1 hour at 37° 
of the extracts prepared at 80° to show that inactivation is still not com- 
plete. The freeze-dried tissue in which presumably no inactivation of 
enzyme took place during drying shows large increases in ammonia, both 
on extraction and subsequent incubation of the hot water extract. 

It is reasonable to assume from these data that urea can be enzymati- 
cally hydrolyzed during drying, and, on this hypothesis, it is apparent that 
the level of ammonia in a dried tissue which contains urea and which is 


Taste Il 


Production of Ammonia from Extracts of Urea-Enriched Tissues, Expressed As Mg 
per 100 Gm. Fresh Weight 


Dried tissue 


Fresh 

Cold water Hot water 

eatract estract incebeted 
1% urea culture for 16 hres. ...... 0.70 7.5 18.4 22.5 
Freeze-dried, 1% urea culture, 16 hres. 0.12 7.35 21.4 
0.5% urea culture, l6hre..... 1.28 3.1 0S 4.7 
Fertilized plant, 16 hrs. 0.70 1.9 4.2 6.4 


extracted at 80° is the result of at least three factors, viz. the concentration 


of ammonia in the fresh leaf, and the hydrolysis of part of the urea in the | 


oven and of a further part during extraction with hot water. 

The finding that tissue urease is not inactivated by heating for 10 
minutes at 80° in dilute aqueous solution is not in accord with the generally 
accepted properties of enzymes. In this connection we have found that, 
although an aqueous solution of jack bean urease lost its activity com 


pletely under these conditions, some potency still remained when heating | 


was carried out in the presence of urea. It may also be assumed that th 
tissue colloids exerted some degree of protection during drying and bet 
water extraction. 

Effect of Cytolysis and Incubation on Urea-Enriched Tissue—Furthe 
insight into the urea-urease system in leaves is gained from the behave 
of macerated and cytolyzed leaves on incubation. When tissues at 
macerated in the Waring blendor without any additions other than 


Normally the ground tissue is extracted with water at 80° for | 
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and water, the resultant macerate shows little or no urease activity, pre- 
sumably because of inactivation by oxidation with atmospheric oxygen. 
This phenomenon is also shown by jack bean urease. A partial reactiva- 
tion occurs on standing at room temperatures, and production of am- 
monia by urea-containing tissue occurs slowly after the 2nd hour. If, 
however, a reducing agent such as H.S is added during blending, inactiva- 
tion is prevented and the free ammonia value begins to rise immediately. 
Cytolyzed leaves behave in a fashion similar to that of macerates in the 
presence of a reducing agent and the results of incubation of cytolyzed 
and macerated leaves under a variety of conditions are given in Table 
II]. They may be summarized as follows: (1) Leaf urease is seriously 
but not quantitatively inactivated by blending, inactivation being pre- 


Taste Ill 


Ammonia N of Macerated and Cytolyzed Leaves after Standing for 16 Hours at Room 
Temperature, Expressed As Mg. per 100 Gm. Fresh Weight 


Treatment of Tiwe! Tissue? Calculated 

1 Waring blendor macerate 6.55 11.9 

2 Macerate with acetic acid to pH 4.5 1.22 2h 

3 Macerate with H,S 26.9 27.8 

4 Ether-cytolyzed tissue 24.3 26.0 

5 Cytolyzed tissue with acetic acid 3.4% 3.21 

6 Tissue boiled 3 min. 2.04 3.1 

7 Equal volumes of (6) and (4) 45.9 45.6 
5 Cytolyzed tissue + urea(= 12.00mg.°)N) 35.9 36.3 
% As (8), but with acetic acid 3.9 2.5 
10 Tissue boiled 3 min. and urease added 22.5 2.0 


vented by addition of reducing compounds. (2) Cytolyzed leaves and 
reduced macerates give substantially the same ammonia values on stand- 
ing for 16 hours. (3) Leaf urease, like jack bean urease, is practically in- 
active at pll 4.5. (4) Added urea is quantitatively hydrolyzed by cyto- 
lyzed leaves and by reduced macerates, while the addition of urease to 
a heat-inactivated tissue gives substantially the same ammonia value after 
16 hours as is given by the same tissue on cytolysis and incubation. 

The results offer a reasonable explanation for data reported in the pre- 
vious paper, where a comparison was made between extracts prepared 
by cytolysis and pressing and those prepared by blending. The results 
were consistently higher for the former technique, and it is obvious that 
at least a partial explanation is the hydrolysis of tissue urea which occurs 
during the time required for preparation of the extract by the cytolysis 
method. The results also support the conclusion that of the methods 
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available for estimation of free ammonia in leaf tissue the most accurate 
is rapid maceration of fresh tissue in the cold at pH 4.5. 

Presence in Leaves of Ammonia Precursors Other Than Urea — The results 
presented thus far are designed to show the presence in leaves of ures 
and urease, to describe the behavior of leaf tissue containing large con- 
centrations of urea under various conditions, and, on the basis of the 
similarity in behavior between urea-enriched and normal leaves, to offer 
the explanation that the observed increase in ammonia on drying is due 
in part to the enzymatic hydrolysis of urea in the oven. Ammonia in- 
creases, however, cannot be wholly explained in this way. When urea 
determinations are made concurrently with ammonia determinations on 
fresh and dried tissue, it is immediately apparent that other potential 
ammonia precursors are present. From the hundreds of samples which 
have been analyzed in an attempt to characterize these materials, we have 
collected in Table IV a series which best demonstrates the effect. 

The characteristic feature of the data is that the sum of ammonia and 
urea nitrogen for dried is higher than that for fresh tissue. Large increases 
of ammonia invariably occur (cf. Tables I to III), while there is a con- 
current increase in urea in all the samples listed. If urea were the sole 
source of ammonia increase on drying, the rise in ammonia would be bal- 
anced by a corresponding decrease in urea. Table IV also provides further 
evidence for the conclusion in the previous paper that glutamine break- 


down cannot account for the discrepancy. It is necessary therefore to — 


postulate a source of ammonia other than urea, and initially it was diff- 
cult to decide whether the unknown material was breaking down to am- 
monia directly or by way of urea. From Table IV and from a large col- 


lection of other data, it appears probable that leaves contain a material | 


which yields urea, and we shall refer to this material in the remainder of 
this paper as the “urea precursor.”’ The effect is particularly well demon- 
strated in Tissues 5 and 6 of Table IV, where the ammonia of the dried 


tissue is considerably greater than the ammonia plus urea of the fresh — 


tissue. Our conclusion is that in these cases the breakdown of precursor in 
the oven is more important than the hydrolysis of the preformed ures. 
Tissue 7 is included to show the essentially similar behavior of normal 
tissue. 

Additional information on this point comes from utilization of the ob 


served inactivation of tissue urease which occurs in the Waring blendor. — 


Extracts of fresh tissue were prepared by blending in the presence and ab- — 


sence of H,S, and analyses were made for ammonia and urea after incubs- 


tion for 5 hours at 37°. The results are shown in Table V and again it | 


will be noted that the normal tissue behaves in essentially the same way 
as artificially enriched tissue. 
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The trend is the same in every case. When HS is added before macera- 
tion, the ammonia increases markedly on incubation. When HS 
is omitted, the increase is significant, due probably to partial reactiva- 
tion of the oxidized enzyme on standing, but is very much smaller than 
when the enzyme is protected from inactivation. The figures in Column 
4 are consistently higher than those in Column 6, and we believe that the 


Taste IV 


Comparison of Ammonia, Urea, and Glutamine Amide N on Fresh and Dried Rye-Grass 
Extracts, Expressed As Mg. per 100 Gm. Fresh Tissue 


Fresh tissue extract Dried tissue extract 

No Gluta- Gluta- 

Urea N NHN Urea N 

1. 1% urea culture, 16 brs 0.70 18.7 20.8 11.8 38.2! 19.0 
2.1% ~ 0.23 31.2 10.9 35.4 | 

3. 0.5°) urea culture, 16 hrs. 2.46 | 12.6: 17.1 8.7: 13.81 13.6 

4. 1% urea culture, 16 hrs.. 1.40 31.9 26.2 4.9° 43.7% 27.4° 

5. Fertilized plant, 16 hrs. 3.98 2.44 12.1 11.7 | 2.2] 15.7 

6. Same, 64 hrs. 0.47 ' 0.99 22.9 3.8: 3.2] 17.1 
7. Normal leaves | 1.11 1.63 3.16 1.39) 


* This tissue was freeze-dried and extracted at 80° for 10 minutes. 


Taste V 


Effect of Incubation of Fresh RyeGrass Extracts on Ammonia N and Urea N, 
Expressed As Mg. per 100 Gm. Fresh Tissue 


, Waring blendor 
Fresh extract Waring blendor 
by boiling macerate, incubated 


Tiesue 3 min. for 5 hrs. hen. 


NHeN UreaN UreaN NHeN UreaN 


(1) (2) (3) (4) (5) (6) 
Urea fertilization, 18 hrs......... | 1.23, 6.24 | 2.45 9.75 7.06 5.64 
Same 0.76 4.94 2.10 10.03 5.78 , 6.46 
No treatment 0.79 1.78 2.16 269 2.86 1.69 
0.1% culture, 16 hrs... 7.41 2.68 12.50 | 6.77 | 6.83 


most probable explanation is that the urea precursor is hydrolyzed enzy- 
matically to urea, and that where urease is inactivated by aeration (Col- 
umn 4) marked urea formation takes place. This explanation appears to 
cover the observed facts on drying and incubation, and future work is 
being planned on the basis that the unknown material breaks down 
through urea to ammonia. 


it 
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On current theories of urea metabolism, the most probable urea precur- 
sor in any organism is arginine, and several attempts have been made, by 
enzymatic and colorimetric methods, to demonstrate decreases of arginine 
with increases either of urea or ammonia. No correlation has been ob- 
tained; arginine values remained relatively constant during the procedures | 
outlined above. 

The figures in Column 6 of Table V are of interest from another point | 
of view. From the ease and rapidity with which added urea is broken | 
down by cytolyzed leaves and by reduced macerates, it would be expected ’ 
that no urea would be present after 5 hours incubation; t.c., that the values 
in Column 6 would be zero. This is never the case, while an exactly 
parallel observation has been made on many plant extracts which have 
been incubated with jack bean urease. For example, a tissue containing 
originally 0.24 mg. of ammonia N and 5.76 mg. of urea N per cent was 
macerated in the presence of H,S and incubated with urease for 2 hours, 
when the corresponding figures were 1.81 and 4.44 mg. per cent respec- 
tively. Thus, despite the presence of relatively excessive amounts of 
urease during the period of incubation, the addition of fresh urease for 
the residual urea determination has brought about further production 
of ammonia. Moreover, when urea was added to the macerate in quanti- 
ties greater than that present in the tissue, it was quantitatively recovered 
as ammonia after 2 hours. This last finding might be explicable on the 
ground that jack bean meal contains amidases other than urease, were it 
not for the observation that crystalline urease behaves in the same man- 
ner. No explanation can be offered for this anomalous behavior, which 
is reported to emphasize the complexity of the systems leading to the w 
production of ammonia in green leaves. th 

Effect of Environmental Conditions—It has already been mentioned that 
the phenomena under investigation, which hinge around urea and related 
compounds, manifest themselves in greatly varying degree throughout the 
year. There are seasons of the year when no urea or urea precursor can 
be found in rye-grass and when there is no significant increase in ammonia 
when the tissue is dried. At certain times of the vear, heavy fertiliza- 
tion of rye-grass plants with urea causes little or no rise in urea concen- 
tration and no apparent production of urea precursor, even though ther 
is a rapid increase in other soluble nitrogenous components, indicating — 
that the urea is being absorbed. Moreover, if leaves from similar plants 
are cultured in dilute urea solutions, the leaf urea level rises as usual but 
there is no production of urea precursor. The change-over from one type 
of utilization mechanism to the other is illustrated in Table V1, where two 
apparently identical rye-grass plants derived from the same parent clon— 
were heavily fertilized with urea on October 27 and November 1 respec: | 
tively, and analyzed on October 28 and November 2. It can be seen that 


tf 
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within the short space of 5 days a very different picture is obtained. This 
js not an isolated finding, since no tissue analyzed between July and about 
the end of October showed any significant production of urea precursor 
under urea culture or fertilization, whereas from November until April 
the majority of rye-grass plants behave similarly to the second one shown 
in Table VI. This latter generalization holds true, except under dry hot 
conditions which may cause cessation of growth during January and Feb- 
ruary, and before the autumn rains, which in New Zealand normally fall 
during March. 

The rate of growth is certainly not the governing factor in the change 
from one type of metabolism to the other, since rye-grass under our con- 
ditions grows at least as rapidly during August and September as in No- 
vember. From our observations for over nearly 3 years, we have come to 
the conclusion that urea metabolism follows substantially different path- 


Tarte VI 
Differential Response of Rye-Grass Plants to Urea Fertilization 
The results are expressed as mg. per 100 gm. of fresh tissue. 


Fresh tissue Dried tissue | 

| | “| 
Oct. 28. 0.62 | 1.36 | 3.15 | 1.23 
Nev. 3... 0.64 19.6 6.25 | 31.5 


ways at different seasons of the year, which is equivalent to concluding 
that the enzymatic complex is subject to considerable variation. 


DISCUSSION 


The high levels of urease in certain seeds, established between 30 and 
40 years ago, together with subsequent investigations showing the wide 
distribution of urease throughout the plant kingdom, have naturally led 
to speculation about the part played by the urea-urease system in plant 
metabolism. ‘The presence of urea in the vegetative portions of higher 
plants was first satisfactorily shown by Fosse (3), but, through his use of 
the non-specific xanthydrol reagent, he was unable to distinguish between 
free and combined urea. Klein and Taubock (4), using the urease 
method, were able to show beyond doubt that free urea occurs in higher 
plants, although they were able to demonstrate its presence only in actively 
metabolizing tissues. From numerous experiments on seedlings grown 
in solutions of arginine, Klein and Taubock concluded that the greater 
part of the urea of higher plants results from the hydrolysis of arginine. 

Since these publications, the last of which appeared in 1933, we have 
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found only one paper dealing with urea concentrations and urea | 
metabolism in plants, viz. that of Damodaran and Venkatesan (5), which | 
appeared while this paper was in course of preparation. These investiga. | 
tors showed that, during the germination of Doltchos biflorus and Phaseo- 
lus mungo, urea concentrations rose sharply and reached high levels be- 
tween the 10th and 20th days. Simultaneous arginine determinations 
led to the conclusion that only part of the urea could be accounted for by ( 
decrease in arginine. Apart from this paper, no attention appears to have P 
been paid to urea during the past 15 years and the reviews of the nitrog- t 
enous metabolism in plants published during that period make only 

passing reference to urea, the whole emphasis in ammonia metabolism } 
being placed on asparagine and glutamine. t 

It is not suggested that the data presented in this paper in any way in- h 
validate the conclusions reached by Vickery, Chibnall, and their co- F 
workers as to the key position of asparagine and glutamine in plant e 
nitrogen metabolism; but the demonstration both in this paper and by e 
Damodaran and Venkatesan of the presence in plants of urea justifies 
its inclusion as a third amide in the nitrogen cycle. 0 

No specific information can be offered as to the part played by urea in ti 
nitrogen metabolism. The rapid uptake of urea by intact plants through p 
the roots and the utilization of this urea to form glutamine may g 
mean nothing more than that, if urea is absorbed by the plant, the urea- b 
urease system can act as an internal source of ammonia. On the other p 
hand absorption through the roots does not explain the presence of urea tl 
to the extent of 1 to 5 mg. per cent in a wide variety of plants which have h 
received no urea fertilization; nor does it explain the fact that rye-grass W 
well fertilized with ammonium sulfate may contain up to 15 mg. per cent al 
of urea under suitable environmental conditions. The observed phenom- ti 
ena may be explicable on the assumption of the operation of a Krebs 
ornithine cycle, in which case urea would arise from hydrolysis of arginine. 
Free arginine exists in the plant sap, and, even though the concentration 
is low,' there is a large reserve in the leaf protein which could be drawn on 
as required. 

That this is not the complete explanation is seen from Tables IV and 
V, as well as from the studies of Fosse and of Klein and Taubock. The 
evidence is based largely on the behavior of artificially enriched leaves, 
but it must be stressed that the purpose of enrichment was solely to exag- 
gerate and define clearly an effect which is also given by normal leaves. pl 
There is no reason to suppose that normal leaves do not follow the same gi 
metabolic course at a lower level. | @ 

Serious consideration does not appear to have been given to the possi- fir 


Bathust, N. O., private communication. 
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bility that urea may act as a raw material for synthesis in biological sys- 
tems without the necessity of first being hydrolyzed to ammonia. Two 
lines of evidence point to this possibility in plants. Firstly, the urea pre- 
cursor reaches higher levels under urea culture and fertilization than are 
reached when ammonia is used. Secondly, there are consistent and, we 
believe, significant differences in glutamine values for plants which re- 
ceive their nitrogen as urea and ammonia respectively. If urea were 
acting only as a source of ammonia, it would be expected that no differ- 
ences would be apparent in either case. 

The postulate that the increase in ammonia on drying comes from the 
hydrolysis in the oven of urea and of a urea precursor is at variance with 
the conclusion reached in the previous paper (1); viz., that there exists in 
leaves an ammonia precursor which is more labile than glutamine. Since 
our recognition of the possibility of enzymatic activity during drying, no 
evidence for a heat-labile ammonia precursor has been obtained and the 
earlier conclusion is therefore withdrawn. 

Apart from the importance of the establishment of urea as a plant metab- 
olite, there is a further point of interest in studies of heavy urea fertiliza- 
tion. Animal production in New Zealand is almost entirely based on 
pastures, and investigations of the effect of the grazing animal on the 
growth of pasture have been in progress for a number of vears (6). It has 
been shown that grazing animals return up to 500 pounds of nitrogen 
per acre in dung and urine, and that of this amount over 50 per cent is in 
the form of urea. The concentration of urea in a single urine patch is 
high and an investigation is in progress as to the proportion of this urea 
which is absorbed as such by the pasture plants, the proportion which is 
absorbed as ammonia arising from hydrolysis of the urea, and the propor- 
tion which is oxidized to nitrate and absorbed in that form. 


The technical assistance of Miss J. L. Fisher and Miss R. N. Haycock 
is gratefully acknowledged. Thanks are also due to Dr. J. B. Sumner for 
gifts of crystalline urease and of jack beans, and to the Director and staff 
of the Grasslands Division, who have supplied the raw material on which 
this investigation was based. 


SUMMARY 


Urea and urease are present in significant concentrations in a series of 
plants, and the former hydrolyzes enzymatically during drying at 80° to 
give ammonia. Evidence is also presented for the presence under certain 
environmental conditions of a urea precursor which hydrolyzes to give 
first urea and finally ammonia when leaves are dried in the oven or in- 
cubated after cytolysis with ether. 
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THE EFFECT OF v-TRYPTOPHAN ON THE UTILIZATION OF 
THE vt ISOMER BY SOME LACTIC ACID BACTERIA 


By J. M. PRESCOTT, B. 8. SCHWEIGERT,* CARL M. LYMAN, 
ano K. A. KUIKEN 


(From the Department of Biochemistry and Nutrition, Agricultural and Mechanical 
College of Texas, College Station) 


(Received for publication, December 2, 1948) 


The utilization of the isomers of tryptophan by Lactobacillus arabinosus 
17-5 has been studied by several investigators. Greene and Black (1, 2) 
concluded that p-tryptophan was not utilized by this organism. The 
procedure outlined for the determination of tryptophan by these investi- 
gators was based on the interpretation that pL-tryptophan is exactly one- 
half as active as the pure L isomer. Wooley and Sebrell (3) found two 
samples of pL-tryptophan which had exactly 50 per cent of the activity of 
their L-tryptophan, and one sample which exhibited 65 per cent activity. 
Baumgarten ef al. (4) reported that twice the amount of pL-tryptophan 
was required to produce the same amount of acid as that produced by the 
tform. Greenhut ef al. (5) found two samples of pL-tryptophan which 
possessed one-half the activity of samples of L-tryptophan. A sample of 
p-tryptophan showed no activity. 

The inactivity of p-tryptophan for Streptococcus faecalis R is indicated 
in the reports by Stokes et al. (6), Baumgarten ef al. (4), and Kuiken et 
al. (7). 

During tests on tryptophan samples carried out by the present authors 
for the purpose of selecting standards, it was found that when tested at 
high levels several samples of pL-tryptophan had approximately one-half 
the activity of the L isomer, but at low levels, the activity of the pL com- 
pound was considerably less. These experiments pointed to an inhibitory 
effect of the p compound on the utilization of the L form. More def- 
inite information was desired concerning this inhibition than could be 
obtained in experiments in which the activities of L and pL compounds 
were compared. Pure p-tryptophan was therefore prepared, and its ef- 
fect on the utilization of L-tryptophan by several lactic acid bacteria was 
studied. The purpose of this paper is to report the results of these tests. 

An inhibitory effect of high concentrations of p-leucine and p-valine on 
the growth of Lactobacillus arabinosus (8, 9) and the inhibition of Es- 
cherichia coli (10) by p-alanine, p-leucine, and p-valine has been studied 


* Present address, Division of Biochemistry and Nutrition, American Meat 
Institute Foundation, University of Chicago. 
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by Fox, Fling, and associates. The concentrations of the unnatural amino 
acids used in these investigations were much higher than those normally 
encountered in media for the microbiological determination of amino 
acids. 

EXPERIMENTAL 


p-Tryptophan was prepared by the resolution of pL-tryptophan accord. 
ing to the method of Berg (11). The value obtained for the specific 
rotation of the acetyl-p-tryptophan quinine salt obtained by fractional 
crystallization was [a];> = —121.0°. Berg reported [a]? = —125.4°. 
The p-tryptophan prepared had a nitrogen content of 13.48 per cent 
(calculated 13.72). 

In order to make certain that the results obtained were not influenced 
by the type of medium used, the tests were carried out with media contain- 
ing (a) purified amino acids (Kuiken ef al. (12)), (6) acid-hydrolyzed 
casein (Riesen ef al. (13)), and (c) hydrogen peroxide-treated peptone 


(Kuiken et al. (7)). The general procedures used for conducting the tests 


were the same as given in the above reports. The same type of results 
was obtained by the use of all three kinds of media. 

Table I gives the results of tests on the activity of a number of trypto- 
phan samples with three different organisms. The activity of the samples 
was referred to L-tryptophan, Lot 1, as a reference. In these tests media 
containing acid-hydrolyzed casein were used. It will be noted that the 
relative activity of the pL compounds as determined by Streptococcus 
faecalis R was not the same as the activity determined by Lactobacillus 
arabinosus 17-5 or Leuconostoc mesenteroides P-60. 

The p-tryptophan prepared by resolution of the pL compound showed 
no activity when tested alone with Lactobacillus arabinosus, Streptococcus 
faecalis R, and Leuconostoc mesenteroides. 

With Streptococcus faecalis, the addition of equal amounts of p-trypto- 
phan to L-tryptophan had no effect on the utilization of the natural com- 
pound. With Lactobacillus arabinosus and Leuconostoc mesenteroides the 
results were quite different. The inhibitory effect of the p-tryptophan 
on the growth of Lactobacillus arabinosus is shown in Fig. 1. The cal- 
culated recovery of the L-tryptophan in the presence of an equal amount 
of the p isomer was 60 per cent at a level of 1 y per tube, 81.2 per cent 
at a level of 4 y per tube, increasing to 85.5 per cent at a level of 9 y per 
tube. When L-tryptophan was tested in the presence of five times the 
amount of p-tryptophan, the inhibition was somewhat greater. The cal- 


culated recovery of the L-tryptophan at a 1 y level was 43 per cent, and 
at a 4 y level it was 73.5 per cent. It will be noted that the growth re — 
sponse with equal quantities of p- and L-tryptophan was very nearly the — 


same as with pL-tryptophan. 
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TABLE [| 
Per Cent Activity of Various Tryptophan Standards* 


S. faecalis L. arabinosus (T exas) L. mesenteroides 

No.of Average No.of Average No.of Average No.of Average 
| tests activity tests activity tests activity tests | activity 
L, Lot 1. 5 100.0 | 4 100.0 2 100.0 | 3 100.0 
97.6 3 7.1 | 2 99.8 | 3 98.4 
46.0 | 2 1 3 39.6 
gee eee 4 50.0 2 39.9 | 2 37.8 3 43.0 
7 49.5 4 @.1 i i 6 44.6 


* No. of tests refers to separate assays with eight or more tubes included in each 
assay at four or more test levels. The levels tested are summarized for the tests in 
which 2.5 to 10 y of L-tryptophan were used or double this amount of pL-tryptophan. 

t Stock culture of Lactobacillus arabinosis obtained through the courtesy of Dr. 
H. E. Sauberlich, University of Wisconsin. 
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Fig. 1. The effect of p-tryptophan on the utilization of the L isomer by Lacto- 
bacillus arabinosus 17-5. Titration values are for 5 ml. aliquots from 10 ml. cul- 
tures. 1, L-tryptophan; 2, L-tryptophan plus an equivalent amount of p-trypto- 
phan; $, pi-tryptophan. 


In tests with Lactobacillus arabinosus with a medium containing 1 mg. 
of L-tryptophan per tube, no inhibition of growth at all was produced by 
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4, 16, 50, or even 100 y of D-tryptophan. This finding substantiates the 
interpretation that the inhibitory effect is due to interference with the 
utilization of the natural compound. 

Fig. 2 shows the results of similar tests with Leuconostoc mesenteroides. 
In this case, the mixture of p- and L-tryptophan showed exactly the same 
activity as the sample of pL-tryptophan. The extent of inhibition pro- 
duced by the presence of the Dp compound varied considerably: with the 
different test levels. The calculated recovery at a level of 4 y of L-trypto- 
phan was only 60 per cent. At a level of 16 y, no inhibition was evidenced, 
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i> TRYPTOPHAN - GAVIA PER TUBE 
Fic. 2. The effect of »-tryptophan on the utilization of the L isomer by Leuconos- 
toc mesenteroides P-60. Titration values are for 5 ml. aliquots from 10 ml. eul- 
tures. J, L-tryptophan; 2, L-tryptophan plus an equivalent amount of p-trypte 


phan; 3, pt-tryptophan. 


In some, but not in all of the experiments, a slight utilization of p-trypte 
phan by Leuconosioc mesenteroides at the higher test levels was indicated 


DISCUSSION 


In view of the findings presented in this paper, it is apparent that the 
proper selection of a standard to be used in microbiological assays for 
tryptophan will depend on the organism used and on whether the trypte 
phan in the unknown is in the L or pt form. For assays with Lactobacillw 
arabinosus or Leuconostoc mesenteroides, L-tryptophan should be used as 4 
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standard when the samples are hydrolyzed enzymatically, and the pL 
form should be used when alkaline hydrolysis is employed. With Strepto- 
coccus faecalis R, L- and pL-tryptophan can be used interchangeably as 
standards on the basis that the pL compound is exactly one-half as active 
as L-tryptophan. 

It is probable that the inhibitory effect of the unnatural isomer on 
Lactobacillus arabinosus has been previously overlooked because the 
inhibition becomes much less apparent when the higher levels of pL- 
tryptophan are used. Differences in the composition of the media or in 
the behavior of the organism are probably not involved, since in the pres- 
ent investigation three different media and two different Lactobacillus 
arabinosus cultures were employed. 

Microbiological methods have proved very effective for the detection 
of small amounts of impurities in amino acid samples. It has been the 
experience of the authors that particular care should be exercised in the 
selection of tryptophan standards, aside from the choice of the isomer to 
be used. By the use of microbiological techniques, several samples of 
tryptophan which had been assumed to be pure were found to contain 
only 95 to 97 per cent tryptophan. 

The finding that the equivalence of pL-tryptophan in terms of L-trypto- 
phan for Lactobacillus arabinosus is dependent on the test level is in agree- 
ment with the results of Holland and Meinke.' 


SUMMARY 


Contrary to previous reports, it was found that pL-tryptophan had less 
than one-half the activity of the L compound for Lactobacillus arabinosus. 
The equivalence of the pL compound in terms of L-tryptophan varied with 
the test level, approaching 50 per cent at the higher levels. 

Pure p-tryptophan was prepared by resolution of the pL compound and 
its effect on the utilization of L-tryptophan by Lactobacillus arabinosus 
17-5, Leuconostoc mesenteroides P-60, and Streptococcus faecalis R was 
studied. The unnatural isomer showed an inhibitory effect on the growth 
of the first two of these organisms when tested at low concentrations of 
the L compound. 

b-Tryptophan had no effect on the growth of Streptococcus faecalis R 
under any of the conditions investigated. 


This investigation was supported in part by a grant from Swift and 
Company. 


' Holland, B. R., and Meinke, W. W., unpublished data. 
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THE EFFECT OF POTASSIUM IONS ON THE ABSORPTION OF 
ORTHOPHOSPHATE AND THE FORMATION OF 
METAPHOSPHATE BY BAKERS’ YEAST* 


By GERHARD SCHMIDT, LISELOTTE HECHT, anv 8. J. THANNHAUSER 


(From the Research Laboratories of the Boston Dispensary and the Joseph H. Pratt 
Diagnostic Hospital, Tufts College Medical School, Boston) 


(Received for publication, August 4, 1948) 


Jeener and Brachet (1) found that the absorption of inorganic phos- 
phate by bakers’ yeast is greatly enhanced when the incubation of the 
yeast in a phosphate-containing nutrient (period of P absorption) is 
preceded by a period of incubation in a medium devoid of phosphate 
(period of P starvation). The Belgian authors had already demonstrated 
that a large part of the absorbed phosphate appears in the yeast cells as 
a compound which is different from orthophosphate. Wiame (2, 3) and 
independently Schmidt, Hecht, and Thannhauser (4) characterized this 
compound as a metaphosphate. 

Observations concerning the occurrence of metaphosphate in yeast and 
molds have previously been reported in the literature. Kossel (5) and 
Ascoli (6) found in the nucleic acid fraction of yeast a compound resembling 
metaphosphate. More than 40 years later MacFarlane (7) conclusively 
identified this substance as a metaphosphate. Mann (8) isolated a meta- 
phosphate from Aspergillus. 

The rates of phosphate assimilation by bakers’ yeast are little affected 
by varying the pH values of the medium between 4 and 7.5 or by varying 
the phosphate concentrations between 0.002 and 0.1 mM. Variations of the 
mutual proportions of the cations as well as the complete omission of so- 
dium and magnesium salts during the period of phosphate absorption 
likewise had little influence on these processes. 

It was found, however, that the absorption of orthophosphate and the 
formation of metaphosphate by the veast were strongly inhibited in media 
which were devoid of potassium salts. In the present paper, we will 


describe experiments in which this effect of potassium deficiency was 
studied. 


EXPERIMENTAL 


Material—All experiments were carried out on samples of Fleischmann’s 
bakers’ yeast, each of which was obtained from Standard Brands Incor- 
* This study was aided by grants from the Rockefeller Foundation, the American 


Cancer Society, the Godfrey H. Hyams Trust Fund, the Bingham Associates Fund, 
and the Charlton Fund. 
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porated, Cambridge, Massachusetts, on the day of its arrival. The be- 
havior of these yeast samples was usually well reproducible in regard to the 
absorption of orthophosphate, the formation of metaphosphate, and the rates 
of fermentation and respiration. (Yeast samples obtained from grocery 
stores differed widely in these respects and were never used in the experi- 
ments described in this paper.) 

Nutrient Media—lIn all experiments the yeast samples were acrated in 
100 volumes of the nutrient solutions, prepared by modifying a “basic 
medium” which contained (per liter) 55.5 mu of glucose, 100 ma of sodium 
succinate buffer (pll 5.0), 38.2 ma of ammonium sulfate, 9.4 ma of potas- 
sium chloride, and 2.9 mu of magnesium sulfate. 

Methods—Sodium, potassium, and magnesium were determined as 
sodium uranyl zinc acetate, potassium chloroplatinate, and magnesium 
ammonium phosphate respectively (9, 10). The ash obtained by heating 
the samples in platinum crucibles at 400° in an electric oven for 5 hours 
was hydrolyzed in 3 ~ hydrochloric acid in a boiling water bath for 1 
hour, evaporated to dryness on the water bath, redissolved in 2 cc. of x 
hydrochloric acid, and brought to a volume of 10 cc. Aliquots of these 
solutions were used for the determinations of the metals. The P deter- 
minations were carried out according to the method of Fiske and Subbarow 


(11). 


Influence of Cations (Potassium, Magnesium, Sodium, and Ammonium) 
on Absorption of Orthophosphate by Bakers’ Yeast 


The results of representative experiments are shown in the curves of 
Fig. 1... Curves I and IT were obtained on aliquots of the same yeast 
suspension which were incubated simultaneously in the different media. 
It can be seen that the omission of potassium ions from the medium 
(Curves I and I1) largely prevents the absorption of phosphate. The 
differences between the final amounts of the absorbed phosphate in the 
presence (Curves A) and absence (Curves B) of potassium would have 
been approximately 3 times larger if media of higher phosphate content 
had been used for the experiments.” 


‘ All curves in Figs. 1 to 4 represent exclusively the behavior of the yeast sample 
during the period of the phosphate absorption. The data concerning the condit- 
ions of the preliminary periods of phosphate starvation are included in each legend, 
but the behavior of the yeast samples during the phosphate starvation periods s 
not shown in the curves. 

* Media with low concentrations of phosphate were chosen for the experiments 
with the purpose of avoiding the necessity of determining relatively smal! differ- 
ences between large absolute amounts of phosphate. The time curve of the phos 
phate absorption of phosphate-starved bakers’ yeast levels off after 2 hours whes 
potassium ions are present in the medium. The term “final amounts of absorbed 
phosphate” refers to the amounts absorbed during the duration of the rapid phase 


of the process. 
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In the experiments of Curves I, and !,, potassium was absent during 
the period of the phosphate starvation, as well as during that of absorp- 
tion, while in experiments of Curves II, and Il, the potassium-contain- 
ing basic medium was used during the period of phosphate starvation. 

The effects of potassium deficiency are similar in both experiments. 
The somewhat stronger influence in the first case is presumably due to the 
fact that the yeast cells lose appreciable quantities of potassium during 
the periods of phosphate starvation in media devoid of potassium. 


Fic. 1. The absorption of phosphate by bakers’ yeast from media devoid of po 
tassium (Curves I and IT) and of magnesium (Curves III and IV). Period of phos 
phate starvation, all media were devoid of phosphate; samples for Curves I and III, 
incubated in the basic medium; sample for Curve II, in the basic medium devoid 
of K*; and for Curve IV, in the basic medium devoid of Mg**. Period of phosphate 
absorption, all media contained (per liter) 2 mu of Nall,PO,; the yeast samples of 
Curves I,4, III 4, and were incubated in the phoephate-supplemented basic 
medium, the samples of Curves Ip and Il, in the phosphate-supplemented basic 
medium devoid of K*, and the samples of Curves III» and IV» in the phosphate. 
supplemented basic medium devoid of Mg**. 


Fig. 2 shows the influence of different potassium concentrations on the 
phosphate absorption. The maximal effect was obtained with a potassium 
concentration of 10 ms, but even a concentration of 5 mu had a strong 
enhancing influence. 

The absence of magnesium (Fig. 1, Curves ILI and IV) or sodium ions 
from the media had no appreciable influence on the phosphate absorption. 

Ammonium ions had an enhancing effect on the phosphate absorption 
of bakers’ yeast, particularly when the period of phosphate starvation had 
been omitted (Fig. 3). The curves of Fig. 1 demonstrate that, despite 
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this effect, the inhibition of the phosphate absorption in potassium-de- 
ficient media is not abolished by the presence of ammonium ions. 

In contrast to the behavior of brewers’ yeast (12, 13), the enhancing 
influence of ammonium ions cannot be attributed to their indispensability 
for growth, since the uptake of phosphate during the first 2 hours of in- 
cubation is more than 10 times higher than the amount of nitrogen assim- 
ilated. 


MG ORTHOPHOSPHATE P IN 1OCC MEDIUM 


MG ORTHOPHOSPHATE P IN OCC MEDIUM 


B mM SQ, 

KCL ABSENT 

mM (NH,),S0, 
02> 
Q 

ARG: 40mM KCL 
HOURS HOURS 
Fia, 2 Fic. 3 


Fic. 2. Influence of various concentrations of KCI on the absorption of ortho- 
phosphate by phosphate-starved bakers’ yeast. Period of phosphate starvation, 
Curves A, B, C, and D, KC! absent in all media; Curves A,, B,, C,, and D,, KCI pres- 


ent in all media. Period of phosphate absorption, KCI concentration of the media ye 
used in Curves A and A,, 40 mu; Curves B and B,, 10 mu; Curves C and C,, 2 my; an 
Curves D and D,, 0; all media contained 2 mu of Nall,PO, per liter. pk 

Fic. 3. Influence of various concentrations of ammonium ions on the absorption F, 
of orthophosphate by fresh bakers’ yeast. All media contained 2 mu of NaH,PO th 
per liter. Except for the concentrations of monosodium phosphate and of am- po 
monium sulfate, the composition of the media corresponded to that of the basic C, 
medium. 


ph 
It appeared possible that the effect of potassium on the absorption of du 
phosphate was only a secondary consequence of its effect on the energy ph 
metabolism. We found, however, that the addition of phosphate to the qu 
medium, either in the presence of potassium chloride (10 mm per liter) of ye 
in its absence, was followed by immediate increases of the rates of fermenta- Ph 
tion. The increase was approximately 25 per cent higher in the presence ph 
of potassium than it was in its absence. Nevertheless, even in the absence | 4p) 
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of potassium ions the rate of fermentation was far in excess of that required 
as a source of energy for the formation of the accumulated amounts of 
metaphosphate. It is therefore not likely that the stoppage of the absorp- 
tion of orthophosphate in the absence of potassium is caused by the slower 
rate of the fermentation. 

A comparison between Curves I, and II, of Fig. 1 shows that the 
enhancing effect of potassium ions on the absorption of phosphate is only 
slightly impaired by the absence of potassium ions during the period of 


CONTROL CON TROL 
mM KCL) mM 


8 


MG ORTHOPHOSPHATE P IN OCC MEDIUM 
© 


Fic. 4. Early ceasing of phosphate absorption by phosphate-starved bakers’ 
yeast in media devoid of K*; its resumption after addition of KC]. Curves A, B,C, 
and D. phosphate starvation in presence of KCl; Curves A,, B,, C;, and D,, phos- 
phate starvation in absence of KCl. Period of phosphate absorption, Curves F and 
F,, media devoid of KCI; after the phosphate absorption had ceased (indicated by 
the arrows), KC! was added to three equal aliquots of the yeast suspension corres- 
ponding to 10, 2, and 0 ma of KCI per liter respectively (Curves B and B,, C and 
C,, D and D,). Concentration of orthophosphate in medium, 5 ma. 


phosphate starvation. On the other hand, the absence of potassium ions 
during the period of phosphate absorption irreversibly impairs the phos- 
phate-absorbing power of the yeast cells. Fig. 4 shows that the subse- 
quent addition of potassium chloride to a suspension of phosphate-starved 
yeast which had ceased to absorb phosphate from a potassium-deficient 
phosphate solution induces only a very sluggish resumption of the phos- 
phate absorption. Similar observations were made on fresh yeast. It 
appears that the lack of potassium affects the phosphate-absorbing power 
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of the yeast to a much higher degree in the presence of phosphate than it 
does in its absence.* 


Taste I 
Coupling of Absorption of Cations and of Orthophosphate by Phosphate-Starved 
Bakers’ Yeast; Preferential Absorption of K lons from ‘“‘Complete’’ Medium 
of Low Sodium Concentration (2 mu of NaH:P0O,) 


Absorbed M.eq. per gm. moist yeast 
Starvation period Condition of yeast phate, mu* 
Fresh 0.126 0.045 
kK *-free After P starvation (medium 0.0085 0.0389 0.060 


medium devoid of K*) 
After P absorption (medium 0.073 0.082 0.061 
devoid of K*) 
After P absorption (medium = 0.210 (0). 268 0.122 0.032 
containing K*) 
Kk *-con- After P starvation (medium 0.170 0.051 
taining containing K*) 
medium After P absorption (medium = 0.100 0.120 0.085 (0) 028 
devoid of K*) 
After P absorption (medium 0.210 0.250 0.127 
containing K*) | 


* The increments have been expressed in millimoles of phosphate and milliequiva- | 


lents of cations for the purpose of the comparison between the accumulation of 
phosphate compounds and that of the cations in the yeast. It is obvious that these 
data do not permit any conclusions concerning the osmotic conditions in the yeast 
cells, since it has been shown by Wiame (3) and by the authors (4) that 60 to 80 per 
cent of the accumulated phosphate compounds consists of highly polymerized mets. 
phosphate complexes. The degree of polymerization is at least that of a hexameta- 
phosphate. 


Absorption of Cations by Bakers’ Yeast during Absorption of Phosphate 


It was shown by Schmidt, Hecht, and Thannhauser (4) that a large part 
of the metaphosphate accumulated in the yeast cells can be extracted 


* The additions of potassium chloride were carried out in different ways: by add 
ing solutions of potassium chloride alone or mixtures of potassium chloride and 
glucose to the incubation yeast or by transferring the yeast cells to fresh, potassium 
chloride-containing media. In all experiments the results were similar to thos 
shown in Fig. 3. This excludes the possibility that the incomplete restoration o 
the absorption of orthophosphate by potassium chloride might have been caused 


by the exhaustion of the available amounts of glucose or by the accumulation o 


inhibitory metabolites in the medium. 


pl 

m 

ye 

gl 

M 

M 

dc 

Ex 

Co 

sta 

cen 

lot 

per 


G. SCHMIDT, L. HECHT, AND 8S. J. THANNHAUSER 739 


with water after the veast has been dried with alcohol and ether. The 
acidity of such extracts, which contain only negligible amounts of proteins, 
is always close to pH 6 and does not essentially differ from that of the 
yeast before the accumulation of metaphosphate. This can only be ex- 
plained by the assumption that the accumulation of metaphosphate in 


TaBLe II 


Coupling of Absorption of Cations and of Orthophos phate by Phosphate-Starved Bakers’ 
Yeast; Preferential Absorption of K lons from “Complete”? Medium of High 
Sodium Concentration (100 mw of NaH,PO, per Liter); Preferential Ab- 
sorption of Na lons and Lack of Absorption of K lons from Mg-De- 
ficient Medium of High Sodium Concentration (100 mu of 
NaH,PO, per Liter) 


Experiment b, period of P starvation; yeast aerated for 16 hours in 100 volumes of 
a nutrient solution containing 55.5 mm of glucose, 100 mM of sodium succinate buffer, 
pH 5, 38.2 mm of (NH,4).S80,, 9.4 mu of KCI, and 2.9 mu of MgSO, per liter. Experi- 
ment C, period of P absorption; after treatment according to Experiment B, the 
yeast is transferred to 100 volumes of a nutrient solution containing 55.5 mm of 
glucose, 100 mu of NaH,PO,, 39.2 mu of (NH 9.4 of KCI, and 2.9 ma of 
MgSO, per liter. Experiment C,, period of phosphate absorption in absence of 
Mg ions; treatment of the starved yeast as in Experiment C,, except that the medium 
does not contain MgSQ,. 


mM per gm. yeast M.eq. per gm. moist yeast 
Expeni- Condition of yeast Ne 
ment Me’ Na* protein NH; 
A Fresh yeast 0.023 0.039 0.224 0 
B After P starvation 0.019 0.0385 O.134 0.028 0 0.352 0.035 
C “ “absorption 0.148 0.442 0.316 0.325 0 0.415 0.046 


in presence of Mg 
C, After P absorption 0.155 0.475 0.140 0.0389 0.336 0.790 0.086 
in absence of Mg 


the yeast cells is accompanied by that of an approximately equivalent 
amount of cations of low molecular weight. 

Tables I and IT show the total amounts of potassium, magnesium, and 
sodium ions of the veast before and after its incubation in phosphate- 
containing media. The analyses reported in Table I were carried out on 


‘In one experiment, corresponding samples of the yeast in various stages of P 
starvation and P absorption were extracted respectively with water and with 7 per 
cent trichloroacetic acid. The results obtained on the acid extracts were similar 
to those obtained with the water extracts. The yields of all fractions (with the ex- 
ception of the inorganic P) of the acid extracts, however, were approximately 75 
per cent of those obtained in the water extracts. 
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aliquots of the yeast samples of the experiments shown in Fig. 1, Curves 
I and II, and are thus directly comparable with the P values recorded in 
these curves at the end of the experiments. Table II contains the results 
obtained in the presence of a high (0.1 N) concentration of primary sodium 
phosphate. In this experiment the absorption of phosphate by the veast 
was measured by determinations of the total P of the washed veast at the 
beginning and the end of the incubation periods. 

The data of Tables I and II demonstrate that the absorption of phos. 
phate by the yeast is accompanied by the uptake of very considerable 
amounts of cations, in particular of potassium ions, from the media. In 
the presence of magnesium (Table I; Table II, Experiment C), the ab- 
sorption of potassium ions far exceeds that of sodium ions, regardless of 
the mutual proportion of K to Na in the nutrient media, which was 45 
in the experiments recorded in Table I, but only 0.11 in that of Table II 
(Experiment C). A similar preference of bakers’ yeast for potassium ions 
was observed in magnesium-deficient media in which the concentration of 
K ions exceeded that of Na ions (IK: Na = 4.5). 

When, however, the absorption of phosphate by bakers’ yeast was 
studied in a Mg-deficient medium of high sodium concentration (Na*, 100 
mM; K*,9.4 mm) (Table II, Experiment C,), it was found that practically no 
potassium but very considerable amounts of sodium ions were absorbed. 
This result was consistently observed in five analogous experiments with dif- 


ferent samples of yeast. It shows that, under certain conditions, large | 


amounts of phosphate are absorbed by bakers’ yeast without a simultaneous 
absorption of potassium ions. Hence, the striking differences between 


the amounts of absorbed phosphate in the presence and those in the ab- — 


sence of potassium ions cannot be explained by the assumption that the 
yeast must use potassium ions for the neutralization of the accumulating 


phosphate groups. 


DISCUSSION 


Absorption of Phosphate and Formation of Metaphosphate—Since deter- 
minations of orthophosphate and of the total phosphate were used for 
experiments concerned with the phosphate exchange between the nutrient 
media and the yeast, the strict interpretation of the results appears to be 
limited to the absorption of phosphate. In earlier investigations (2, 4), 
however, it has been demonstrated that the larger part of the orthophos 
phate absorbed by phosphate-starved bakers’ yeast is rapidly transformed 
into metaphosphate. This is also true for the orthophosphate absorbed 
by fresh commercial bakers’ yeast during the first 2 or 3 hours of incubation. 

The formation of metaphosphate has so far been demonstrated only i 


living yeast with the orthophosphate of the nutrient medium as the main 


Sse ot 


by 

m 

en 
im 

It 
ph 
ve: 

l. 

| 2. 


es 
in 


Its 


t+. SCHMIDT, L. HECHT, AND 8S. J. THANNHAUSER 741 


source for the formation of metaphosphate. It is not possible, therefore, 
to decide whether the effects of potassium ions described in this paper in- 
volve the penetration of orthophosphate into the cells or the chemical 
mechanism of the metaphosphate formation. This question can be an- 
swered only when it becomes possible to study the formation of meta- 
phosphate in cell-free enzyme preparations. 

Physiological Significance of Metaphosphate——No evidence exists in favor 
of a possible réle of metaphosphate as a direct phosphate donor in enzy- 
matic transphosphorylations. So far, our experiments in this direction 
on mammalian tissues as well as on yeast have given negative results. 
Bakers’ yeast, however, contains considerable amounts of an enzyme which 
hydrolyzes metaphosphate to orthophosphate. Since this reaction liber- 
ates amounts of energy similar to those produced during the hydrolysis of 
pyrophosphates, it appears possible that one of the biological functions of 
metaphosphate is that of an energy transmitter. Our information con- 
cerning the functions of both metaphosphatase and of adenylpyrophos- 
phatase is as yet limited to the knowledge of the exothermic nature of 
both enzyme reactions. Kxperimental proof for the utilization of the 
energy generated during the hydrolyses of the polyphosphates is still 
lacking. 


SUMMARY 


1. The absorption of orthophosphate and the formation of metaphos- 
phate by bakers’ yeast is accompanied by the absorption of cations from 
the medium. Since the amounts of cations absorbed are sufficient to 
neutralize the amounts of ortho- and metaphosphate which are accumulat- 
ing in the yeast cells, it is concluded that only a small part, if any, of the 
metaphosphate formed exists in the yeast cells in a protein-bound form. 

2. The different cations of the medium are not indiscriminately absorbed 
by the yeast cells. A strong preference for the absorption of potassium 
jons Was found under many conditions. In magnesium-deficient phosphate 
media of relatively high sodium content, however, the preferential ab- 
sorption of potassium ions is replaced by that of sodium ions. 

3. The presence of potassium ions (0.01 m) in the media has a specific 
enhancing effect on the assimilation of orthophosphate. This effect is 
independent of the accumulation of potassium ions in the yeast cells. 
It is as yet undecided whether this influence of potassium ions involves the 
physicochemical phase of the entrance of orthophosphate ions into the 
yeast cells or its enzymatic transformation to metaphosphate. 
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THE HYDROLYSIS OF N-BENZOYL-L-ARGININAMIDE BY 
CRYSTALLINE TRYPSIN 


By KENT M. HARMON® ann CARL NIEMANN 


(From the Gates and Crellin Laboratories of Chemistry,t California Institute 
of Technology, Pasadena) 


(Received for publication, November 26, 1948) 


Previous studies of the trypsin-catalyzed hydrolysis of N-benzoyl- 
L-argininamide to N-benzoyl-L-arginine and ammonia (1, 2) have led to 
the conclusion that the reaction is first order with respect to both en- 
zyme and substrate and that for any single experiment the rate of hydrol- 
ysis may be described by the equation 


d 
= 


where e = the total enzyme concentration, s = the substrate concentra- 
tion, ¢ = the time, and A’ = the proteolytic coefficient (3) of the system. 

Reinvestigation of the above reaction over a greater range of initial 
substrate concentrations has now shown that the initial reaction veloc- 
ity at 25° is essentially independent of the initial substrate concentration 
for concentrations varying from 0.01 to 0.05 m and that, for these and 
lesser substrate concentrations, the initial reaction rates obey the Michaelis- 
Menten (4) equation 


ds Vs 


dt Kats 


within the limits of experimental error. At 25° and pH! 7.7 AK, was 
found to have an apparent value of approximately 0.002 m N-benzoyl- 
L-argininamide and was shown to be temperature-dependent (Table I). 
Further it has been observed that for any initial substrate concentration 
s) the reaction rate decreases somewhat more rapidly with time than was 
expected for a reaction which is truly first order with respect to the sub- 
strate concentration and that the reaction products have a marked in- 
hibitory effect upon the reaction rate although ammonium ion alone is 
without effect. 


* Present address, General Electric Company, Richland, Washington. 
t Contribution No. 1251. 
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Consider the equilibria 
E + BAA E-BAA + BA + 4 
(s) (p) 
K, 
+ BA E-BA 
fe—p—q (q) 


where BAA = N-benzoyl-L-argininamide, BA = N-benzoyl-L-arginine, 
A = ammonia, e = the total enzyme (FE) concentration, s = the sub- 
strate concentration, % = the initial substrate concentration, p = the 
concentration of the enzyme-substrate complex, g = the concentration 
of the enzyme-hydrolysate complex, / = the initial concentration of the 
hydrolysis products, and e—p—gq = the free enzyme concentration. 


sie — q) 


x. 
K, Ne-p-@ (lv) 
q 
From equation (IV) 
(89 8 + — p) 
q 


Upon substitution into equation (II1) 


esk, 


If A, = rK,, (r = the ratio of the inhibitor constant to A,,) and —ds/ 
dt = kp, 


ds hes 
(V) 
dt x. 4 
r r 
Integration gives 
With / = 0, 
ds hes 
-—= —-— ID 
dt (l—r)s 
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With ¢ 0, 
ds kes 
With r = 1, 
ds kes IX) 


and the reaction would appear to be exactly first order with respect to 
substrate. 

An equation similar to equation (IX) can be obtained from Klotz’s 
linear equation (5, 6) for the binding of ions by a protein with n equiva- 
lent binding sites per molecule; 7.c., 


4 (X) 
where e = the protein (enzyme) concentration, A = the ion concentra- 
tion, in this case the concentration of the substrate plus the hydrolysis 
products, and A, = the number of moles of ions bound to protein per 
unit volume of solution. 

If one takes the reciprocal, 


enA 


A,= 
K+A 


and assumes that only the substrate combines with the enzyme, 


ens 


If the rate of reaction is proportional to s,, the bound substrate concen- 
tration, 


ds Kens 
= —- XI 
(X1) 


Equation (XI) has the same form as the Michaelis-Menten equation, but 
with a different significance applied to the constants. 

If one assumes that the combining sites of the enzyme may be occupied 
equally well by either the substrate or the hydrolysis products, 


8 8 enA 
= —A, = —-— 
” A A K + A 
and 
ds hens 


(XID 


ne, 
b- 
the 
10D 
the 
LV) 
ds/ 
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If, in equation (VI), r is less than 1, the hydrolysis products must be 
more firmly bound to the enzyme than is the substrate. In such a case, 
as the reaction proceeds the rate should decrease more rapidly than would 
be predicted on the basis of a first order reaction. Such deviations have 
been observed in all experiments in which the initial substrate concentra- 
tions & were relatively high, and at 25° an assumed value for r of 05 
appeared to fit such cases fairly well. However, with low initial substrate 
concentrations the deviation was not observed, most likely because of 
experimental difficulties. The rate constants 4, calculated from equa- 
tion (VILL), are given for various initial substrate concentrations, en- 
zyme concentrations, and temperatures in Table L. 


Rate Constants at pil 7.7 
k = mu minutes” ' (mg. of enzyme nitrogen)™'. 


se® 


Ke = 0.005iu 4°; Ke = 0.008) 


q f2) » (4) 

0.0590 0.0022 
0.0 0.0065 0.0074 
0.090 0.0024 0.0067 0.0076 
0.010 0028 0.0060 0.0076 
00087 0.0006 
0 0058 O06! 0.0073 
000m 0.0028 
0 0016 00018 
0000 0.0020 
00000 0.0021 0.0021 0.0066 0.0074 
0.0020 0.0023 

of N-benzoyl-L-argininamide per ml. 

+t Mg. of protein nitrogen per ml. 

Experimental values for the extent of hydrolysis (s) — s) at 25° ar 


compared in Table Il with those calculated from equation (VI) with 
values of r = 0.5, 1, and ©. In general the agreement is better forr 
= 0.5, although, as pointed out previously at very low initial substrate 
concentrations, a better fit is obtained with r = 1. 


The effect of the reaction pfoducts upon the rate of hydrolysis of }- 


benzovl-L-argininamide by trypsin is probably more clearly shown 


Table IIL. It will be seen that 0.05 wm ammonium ion causes no demon- | 


strable effect. Because of the low solubility of N-benzoyl-.-arginine tt | 
was not possible to determine its effect upon the system directly and it 8 
surprising that it was not precipitated from the reaction mixture. If it 


FES 
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TaBie II 


Comparison of Experimental and Calculated Results at 26° and pH 7.7 
= 0.0021 mM N-benzoyl-L-argininamide; & = 0.0022 mm minutes! (mg. of 
enzyme nitrogen)~'; e = 0.055 mg. of protein N per ml. 


So — S$, mM per mi. X 10? 


Se Time Hydrolysis Calculated, Calculated, Calculated, 
(1) (2) (3) (S) (6) (7) 
mu per mi. min. per cent 
0.010 11.5 11.2 1.12 1.05 1.11 1.13 
20 17.0 1.70 1.73 1.83 1.9 
40 28.5 2.85 2.95 3.31 3.588 
0.005 10 16.2 0.81 0.78 0.S0 0.83 
20 29.8 1.49 1.35 1.47 1.65 
30 37.0 1.85 1.83 2.02 2.34 
40 45.8 2.29 2.25 2.49 2.97 
5O 51.0 2.55 2.57 2.88 
60 56.8 2.54 2.85 3.20 
0.004 10 16.7 | 0.67 0.67 0.73 0.78 
20 30.0 1.20 1.22 1.31 1.47 
30 41.8 | 1.67 1.65 1.79 2.08 
40 48.3 | 1.93 1.98 2.18 2.55 
wD 59.0 | 2.36 2.26 2.51 
60 62.8 | 2.51 2.49 2.77 
0.003 10 20.0 | 0.60 0.60 | 0.57 0.67 
20 32.0 0.96 1.05 1.14 1.25 
30 44.7 | 1.34 1.43 1.53 1.78 
40 59.0 1.77 1.72 1.84 2.16 
5D 65.3 1.96 1.92 2.08 
60 71.0 2 2.06 2.27 
0.002 10 26.5 0.53 0.48 0.52 0.57 
20 46.0 0.92 0.83 0.90 1.00 
30 61.5 1.23 1.08 1.18 1.33 
40 69.5 1.39 1.27 1.39 1.57 
5O 70.5 1.41 1.42 1.54 1.76 
60 80.5 1.71 1.53 1.68 


had, upon reaching the concentration u, the rate from that time on would 
be expressed by the equation 


ds (XIID 


r 
Consequently, the plot of log s (as ordinate) against time would give a 


curve which would be concave upward from zero time to the time when 
the concentration of N-benzoyl-L-arginine became equal to u and con- 


he 
ive 
ra- 
05 
ule 
of 
ua- 
en- 
aur 
with 
trate 
mon- 
ne it : 
If 


748 HYDROLYSIS OF BENZOYLARGININAMIDE 


cave downward from that time to the end of the reaction. Such an ef. 
fect was not observed in any of the experiments. In order to circumvent 
the difficulty occasioned by the low solubility of N-benzoyl-L-arginine, a 
solution 0.05 m in N-benzoyl-L-argininamide was completely hydrolyzed, 
the enzyme destroyed by heating, and fresh substrate and enzyme added. 
The rate observed in this solution which was initially 0.042 m in benzoyl- 
L-arginine and ammonium ion was markedly less than that noted in the 
absence of added hydrolysis products and agreement between observed 
and calculated values was good (Table III). While these data offer 
support for the postulate that the hydrolysis products function in an in- 
hibitory manner, it should be pointed out that Schwert et al. found no evi- 


Ill 


Effect of Reaction Products on Rate of Hydrolysis at 25° and pH 7.7 
K.. = 0.0021 = 0.0022 mm minutes! (mg. of en- 
zyme nitrogen)~'; ¢ = 0.077 mg. of protein nitrogen per ml.; 89 = 0.050 mM per ml. 


so 5, mM per mil. 108 


Reaction products added Time Hydrolysis | | 

(1) (2) (3) (4) | ($) (6) 

min. per 

None 60 16.8 8.4 | 8.3 9.0 

120 29.0 4.5 | 14.3 16.2 

270 50.0 25.0 25.0 | 29.3 
0.05 wu NH,’ 60 16.9 5. | 8.3° 9.0° 
120 29.4 16.2° 
0.042 m N-benzoyl-.- 60 8.3 4.1 3.7t 5.21 
arginine,0.042mM 120 15.5 7.8 6.7 9.8t 
240 27.3 13.6 12.5f 


* Assuming no inhibition by ammonium ion. 
t Assuming inhibition by N-benzoyl-L-arginine. 


dence of inhibitory action by the hydrolysis products in the trypsin 
catalyzed hydrolysis of N-benzoyl-L-arginine methyl ester (7) and it may 
be that both ammonium ion and N-benzoyl-L-arginine are necessary for 
inhibitory action. 

EXPERIMENTAL 


Reagents —The data presented were obtained with a preparation 
crystalline trypsin procured from Armour. Similar results were ob 
tained with a Lehn and Fink preparation. Benzoyl-L-argininamide by- 
drochloride was prepared according to the procedure of Bergmann, Frutos, 
and Pollok (8). The 0.1 phosphate buffer (pH 7.9) was prepared from 


on 
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potassium dihydrogen phosphate and disodium hydrogen phosphate. 
Reagent grade formaldehyde, 40 per cent by volume, was shaken with 
basic magnesium carbonate, filtered, and the filtrate (pH 8) used for the 
formol titrations (9-11). All solutions were prepared with water redis- 
tilled from an all-glass apparatus. 

Procedure—Generally 5.0 ml. of substrate solution and 1.0 ml. of buf- 
fer solution were pipetted into a 1 X 6 inch test-tube, the tube placed in 
a thermostat, 1.0 ml. of enzyme solution added, the solution shaken, 
and a 1.0 ml. aliquot immediately withdrawn for a blank determination. 
After suitable time intervals, additional 1.0 ml. aliquots were withdrawn. 
Each aliquot was added immediately to an equal volume of formaldehyde 
solution contained in a 10 ml. beaker, and the beaker placed in the depres- 
sion of a rubber stopper which was mounted on the shaft of an inverted 
air-driven stirrer in such a way as to permit rotation of the beaker during 
the titration. The glass and reference electrodes immersed in the solu- 
tion facilitated stirring. The solution was titrated with standard 0.01 m 
sodium hydroxide in a semiautomatic burette graduated in 0.01 ml. and 
equipped with a capillary tip of sufficient length to permit introduction 
of the reagent beneath the surface of the solution being titrated; thus the 
disadvantages inherent in drop-wise transfer are avoided. The end- 
point of the titration (pH 8.1) was determined with the aid of a Beckman 
model G pH meter equipped with electrodes specially constructed for use 
in the limited space available. The glass electrode was of the type in- 
tended for use in alkaline solutions. After every titration the electrodes 
were washed with distilled water and checked against a standard buffer 
solution. The solutions were invariably titrated immediately after the 
aliquot had been added to the formaldehyde solution. Blank runs made 
with solutions containing no enzyme indicated that the substrate was 
not hydrolyzed in the absence of the enzyme under the conditions em- 


ployed. 


SUMMARY 


A reinvestigation of the kinetics of hydrolysis of N-benzoy]-L-arginina- 
mide by crystalline trypsin has led to the conclusion that the hydrolysis 
products enter into the over-all reaction as inhibitors. 
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THE CONFIGURATION OF THE ALLOPREGNANETRIOL-3 , 16,20 
OF THE URINE OF PREGNANT MARES* 


By H. HIRSCHMANN, FRIEDA B. HIRSCHMANN, ano MARGARET A. DAUS 


(From the Department of Medicine, School of Medicine, Western Reserve University, 
and the Lakeside Hospital, Cleveland) 


(Received for publication, October 25, 1948) 


In 1933 Smith, Hughes, Marrian, and Haslewood (1) reported the isola- 
tion of a new compound from the urine of pregnant mares. The sub- 
stance was studied extensively in the laboratories of Marrian (2, 3) and of 
Marker (4-7) and was shown to be a saturated triol of the composition 
CaHyOs. Marker and his collaborators, who reported the conversion of 
this compound to allopregnane, to allopregnanedione-3 ,20, to \"*-allopreg- 
nenedione-3 ,20, and to 3-ketoetioallobilianic acid, proposed the structure 
of an allopregnanet riol-3(a) ,16,20 for the new triol. Since these reactions 
involved carbon atoms 3, 16, 17," and 20, no inferences can be drawn about 
the configurations at these asymmetric centers. Nevertheless, since the 
compound failed to precipitate with digitonin, it was assigned the a con- 
figuration at carbon atom 3 (5, 3, 6). Normal arrangement at C-17 was 
implied by designating it as a derivative of allopregnane. 

The present study of this compound was undertaken when it appeared 
that the reduction product? of a triol isolated from human urine (8) might 
be an allopregnanet riol-3(3) , 16,20 differing from Marrian’s compound only 
in the configuration at C-3. This supposition has not been borne out, 
since our attempts to synthesize such a compound from the triol from 
mare urine brought out the fact that Marrian’s compound, which is not 
identical with our reduction product, already possesses the 8 configuration 


* Presented at the Thirty-ninth annual meeting of the American Society of Bio- 
logical Chemists at Atlantic City on March 17, 1948. This investigation has been 
supported by the Price McKinney, Jr., Fund for Leukemia Research and by the 
American Cancer Society on the recommendation of the Committee on Growth of 
the National Research Council. 

‘Since Marker’s explanation (5) of the formation of allopregnanedione-3,20 
is no longer tenable (6), it would appear that A”-allopregnenedione-3,20 is an in- 
termediate in this reaction. A A” ~”-unsaturated intermediate is strongly indi- 
cated (6) in the formation of allopregnane by the Clemmensen reduction of 
)-acetoxyallopregnanedione-3,16. Finally, the hydrocarbon first identified as 
pregnane (5) and subsequently as allopregnane (6), which was obtained in small 
yield from the triol when it was treated with phosphorus pentachloride and re- 
duced, was reported to be formed via an olefinic intermediate. All of these trans- 
formations, therefore, seem to involve C-17. 

* Unpublished experiments from this laboratory. 
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at C-3. In addition, evidence has been obtained pertaining to the cob ree 
figurations at the asymmetric centers 16, 17, and 20 which we beliet 3 4, 
completes the structure proof of this substance. cited 
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Odell and Marrian showed that the triacetate (1) of the compound from 
pregnant mare urine when treated with 0.8 m equivalent of potassium hy- 
droxide in methanol loses two acetyl groups to form a triol monoacetate 
(II). This was oxidized to the acetoxy diketone (I11) (3) which proved 
to be very labile to both acid and alkali (6). Under these conditions 
acetic acid was eliminated and an olefinic diketone formed which in turn 
was converted to a saturated diketone (6). As the latter melted at a 
lower temperature than did either allopregnanedione-3 ,20 or 17-isoallo- 
pregnanedione-3 ,20, Marker and Wittle inferred that the monoacetates 
II and III contain their acetoxy groups in position 2). We have obtained 
direct evidence that this conclusion is correct. Treatment of the triol 
monoacetate (II) with phosphorus pentachloride furnished the acetoxy di- 
chloride (X) which on reduction with either sodium and propanol and re- 
acetylation or with hydrogen in the presence of a Raney nickel catalyst 
(9) afforded in good vield the acetate of a monohydrie alcohol, C,H,0O. 
This substance proved to be identical with a specimen of allopregnanol- 
20(8) acetate’ (XI) (11) that had been obtained from allopregnanone-20 
(XII). This sequence of reactions proves that the monoacetates II and 
III are esterified in position 20, that this substituent possesses the 8 con- 
figuration, and that the triol and its acetates are normal with respect to 
the spatial arrangement of the side chain which is therefore cis (13) to 
the angular methy! groups. 

When an alcoholic solution of the diketone III was shaken with hydro- 
gen in the presence of platinum, the reaction ceased after only one keto 
group had been reduced. The main reaction product (IV), which precipi- 
tated with digitonin, was converted to the diacetate (V). The presence 
of a carbonyl group in this compound was demonstrated conclusively by 
examination of its absorption in the ultraviolet region, which showed a 
maximum at 297 my (Fig. 1). It follows from the structure of the dike- 
tone III that the carbonyl group in compounds IV and V must be located 
at either C-3 or C-16. Resistance towards catalytic hydrogenation has 
been observed for certain 16-ketones such as tigogenoic acid (14) (3(8)- 


*The configurations of the substituents at C-20 are designated in accordance 
with Marker who proposed the urinary pregnanediol-3,20 as the reference com- 
pound for the 20(a) configuration. Our reasons for believing that urinary allo- 
pregnanediol-3(8),20 has the a configuration at C-20 have been stated previously 
(8). Allopregnanol-20(a)-one-3 has been reduced to this diol (10) and by a modi- 
fied Clemmensen reaction to allopregnanol-20(a@) (11). The second allopregnanol- 
20 (11) obtained by oxidation and subsequent reduction of the @ form should, 
therefore, be the 20(8) isomer. The configurations of the nuclear substituents are 
termed a and 8 in accordance with the suggestions of Reichstein and Shoppee (12). 
Since the attachment of the side chain in the natural bile acids has recently been 
found (13) to be cis to the angular methyl groups and is accordingly designated as 
8, ~ indices used in this paper do not always agree with those of the references 
cited. 
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hydroxy-16 ,22-dioxocholestanoic acid-27 (15)) but not for 3-ketosteroids. 


The infra-red absorption spectrum of compound V (Fig. 2, Curve C) indi. 


cated the presence of a carbonyl peak which was not well resolved from 
that caused by the two acyl groups but showed no maximum in the region 
where ketones in position 3 have been reported to absorb (5.82 uw) (16), 
Finally, when the diacetate V was tested in the von Bitt6-Zimmermann 
reaction, it gave a spectrum wholly different from those obtained with 
3-ketosteroids ((17) and unpublished data) (Fig. 3). [It is concluded, 
therefore, that compound V is a 3,20-diacetoxy-16-ketone. Its inert keto 
group could be reduced, however, with platinum in acetic acid or with a 
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Fic. 1. Ultraviolet absorption spectrum of allopregnanediol -3(3) , 20(3)-one-!6 
diacetate (V) in 95 per cent ethanol. 


Raney nickel catalyst (18) in alcohol or far less satisfactorily with alu 


minum isopropylate. The reaction product which was isolated after acety- 


ation was the same triol triacetate (VI) in each instance. As its melting 
point was close to those of two allopregnanetriol-3(3) , 16,20 triacetates 
that had been prepared by Marker and his collaborators (19-21) from 
tigogenin (XIIla), we repeated their preparations (XIIIb — XIV — XV 
— Vi and XIIIb — XIX (22) — XX). The isomer obtained from pseu 
dotigogenin diacetate (XIV) showed the same melting point, rotation, 
and infra-red spectrum (Fig. 2) as the triacetate (VI) prepared from 
compound I. The identity of both preparations of compound VI wa 


confirmed by mixed melting point determinations on the triacetates and 
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the free triols. It tollows that the triacetate from pseudotigogenin diace- 
tate, like compound XI, has its 20-acetoxy group in the 3 configuration. 
Marker drew the same conclusion from the steric course of the reduction 
of the 20-keto group of compound NV (23), but the reliability of this 
criterion has been questioned (24). Since Ugogenin is a 3(3)-hydroxy- 
steroid (19), the same configuration must be assigned to compounds IV, 
Vand VI. The steps used in the conversion of triacetate I to triacetate 
VI admit the possibility of inversion at C-3 and at C-16. Inversion at 


1 1000 900 em! 
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Fic. 2. Infra-red transmission spectra. Curve A, allopregnanetriol-3(g), 16- 
(3),20(3) triacetate (V1) from compound V; Curve B, allopregnanetriol-3(8), 16- 
(8),20(8) triacetate (VI) from compound XIV; Curve C, allopregnanediol-3(g) , 20. 
(8)-one-16 diacetate (V) from compound IV; Curve D, allopregnanediol-3(s) , 20- 
(8)-one-16 diacetate (V) from compound IX. Curve A is drawn with reference 
to the ordinate at the left, Curve C to that at the right, while Curves B and D are 
displaced by +10 from Scales A and C, respectively (the zero points are indicated 
by Arrows B and D). The abscissa is linear with respect to wave-length. Con- 
centration, | mg. in 0.1 ce. of carbon disulfide; cell spacer, 0.8 mm, 


C-17, while conceivable in 16-ketosteroids, is regarded as highly improb- 
able. Moreover, since both starting materials (I and XIIIb) used in the 
synthesis of compound VI possess the normal 8 configuration of the side 
chain, epimerization would have had to occur on both routes. The second 
of these proceeds via pseudotigogenin diacetate, which, as set forth below, 
Should still possess 8 configuration at C-17. The succeeding steps entail 
chromic acid oxidation to a 20-ketosteroid and its catalytic hydrogena- 
tion. In 20-ketosteroids with normal trans fusion of Rings C and D the 
8 configuration of the side chain has been found to be more stable (25-30) 
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than the a form and its inversion to the a configuration under the condi- 


r 
tions of these reactions has never been descenbed. , 
Evidence that the conversion of compound I to VI alters the configu- r 
ration at C-16 but not at C-3 was obtained by a study of two diacetates ‘ 
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Fic. 3. Absorption measurements of pigments formed with alkaline m-dinitro- hoy 
benzene. Curve 1, allopregnanediol-3(3),20(8)-one-16 diacetate (V); Curve 2, he | 
diacetate (VIIT) (crude oxidation product); 

Curve 3, allopregnanediol-16(8) ,20(a)-one-3 diacetate (NXIL); Curve 4, allopreg- 
nanediol-16(8),20(3)-one-3 diacetate (XVII) (crude oxidation product); Curve 5, 
allopregnanone-20 (X11). Concentrations for Curves 1 to 4, 100 y per 0.2 ce. a ded 
alcohol; for Curve 5, 75.6 y per 0.2 cc.; reaction time, 105 minutes. (‘onditions wel] 


as previously reported (17). The 


of Marrian’s triol. Previous attempts directed at the preparation of such one 
products by treatment of a methanolic solution of the triacetate with | oe 
molar equivalent or less of potassium hydroxide (5, 3) have led only to the nas 
isolation of the monoacetate I]. The reports (6, 3) indicated, however, hee 
and our findings confirmed that the resulting reaction mixtures still cot | only 
tained an appreciable portion of the alkali added, suggesting that the open 
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main process is an alkali-catalyzed methanolysis rather than a saponifica- 
tion (31-33). While the amount of base, therefore, does not effectively 
limit the extent of the reaction, it seemed probable that intermediates 
could be obtained if the alkali concentration or the reaction time or tem- 
perature was decreased. When the reaction time was shortened to 16 
hours, a complex mixture resulted which yielded two diacetates (VII and 
IX) in addition to the monoacetate I] and unchanged starting material. 
The higher melting diacetate (VIL) which was obtained in a far higher 
yield was oxidized with chromic acid. The reaction product (VIII) failed 
to crystallize but showed in the von Bitt6-Zimmermann reaction the color 
changes and absorption spectrum characteristic of a 3-ketosteroid (Fig. 3). 
Compound VII, therefore, is the 16,20-diacetate of Marrian’s triol. Cata- 
lytic reduction of ketone VIII in either a neutral or an acidic medium 
yielded after acetylation compound I as the main product. The Auwers- 
Skita rule, therefore, cannot be applied and the steric course of the reduc- 
tion does not aid in determining the configuration of the carbon-oxygen 
linkage at C-3 in compound |. The acetylation of the hydroxyl group in 
compound VII is accompanied by a decrease in molecular rotation equal 
to 3600°, which in the allo series is characteristic of 8-3-hydroxysteroids 
but not of their 3-epimers, which show an increase of about 2400° during 
this reaction (34). Direct proof that compound I is a 8-3-acetoxysteroid 
was obtained by the oxidation of the second diacetate (IX). The reaction 
product was identified as compound V by its melting poimc-and mixed 
melting point as well as by its absorption spectrum in the finger-print 
region of infra-red radiation (Fig. 2). Since compound LX was obtained 
only in very small amounts, it seemed important to show that it was de- 
rived from compound I rather than from an accompanying impurity. 
The reacetylation of the diacetate IX to the triacetate I leaves no doubt, 
however, that compound IX is a derivative of Marrian’s triol. It must 
be concluded, therefore, that the 3-acetoxy group in triacetate I is 8-ori- 
ented, as it is in compound V. 

The configurations of the 16-acetoxy groups in these compounds were 
deduced from considerations of the known reactions of the sapozenins as 
well as from a comparison of the rates of solvolysis of the 16-acetates. 
The condensation of two five-membered rings, as is present in the sapoge- 
nin molecule, admits the possibility of both cis and trans fusion. How- 
ever, while the cis arrangement possesses about normal bond angles, the 
trans compounds are definitely under strain (35-39), and if they contain 
reactive groups which would permit its release they may be expected to 
be unstable. It is apparent that the furanoid ring of the sapogenins is not 
only readily formed but also is stable under conditions which lead to the 
opening of the pyranoid ring. An example for the ready formation of the 
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spiroketal ring system present in tigogenin (XIIla) is the conversion of 
kryptogenin (XXVII) to diosgenin (XXVIIIa) by reduction with sodium 
and isopropanol (40). Neotigogenin (XXV) on treatment with hydro- 
chloric acid in ethanol is epimerized at C-22 to yield tigogenin (XIITa) 
(41). While the mechanism of this reaction has not yet been elucidated, 
it must involve opening of at least one of the rings. If the furanoid ring 


cm 


HC OAc HCOAC 


a,b 
Formula a, Formula b, R= Ac 


in tigogenin were under strain, it could hardly be expected to be stable 
under the conditions of the reaction. Treatment with Grignard reagent 


(21) opens the pyranoid but not the furanoid ring (XIIla — XXVI), and 
the same has been shown for catalytic hydrogenation in an acid medium | 


(XIIJa XXIIla) (42). Evidence that the furanoid ring remained 


4 


changed during the reduction can be seen in the oxidation of dihydro-— 


tigogenin diacetate (XXIIIb) to the same lactone (XXIV) (15) that 
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forded by the oxidation of tigogenin acetate (XIIIb) (43). The lactone 
ean be hydrolyzed to the sodium salt of the corresponding hydroxy 
acid but acidification suffices to reform the lactone. An equally ready 
lactonization was observed by Hueckel and Gelmroth with cis-2-hydroxy- 
cyclopentaneacetic acid (44, 38). In contrast the trans acid remained 
largely unchanged, even under forcing conditions (44). The neutral prod- 
ucts obtained from it by various drastic procedures consisted mainly or 
entirely of the cis lactone (44, 45). Obviously the trans lactone if it was 
formed at all can be obtained only with great difficulty. It is concluded, 
therefore, that compound XXIV is likewise a cis lactone. All of these 
observations indicate strongly that the carbon-oxygen linkage at C-16 in 
tigogenin is cis to the carbon-carbon bond at C-17. Since the latter has 
the normal 8 configuration, as was shown by the conversion of diosgenin 
(XXVIIla) to cholesterol (46), the same assignment (8) is made for the 
carbon-oxygen bond at C-16. It would appear that both linkages remain 
unaffected when tigogenin is converted to the two isomeric triacetates (VI 
and XX). In particular the reactions involving the oxygen atom at posi- 
tion 16 seem to be confined to the formation and hydrolysis of esters and 
to the acetolysis of a ketal and should, therefore, not affect the bond with 
C-16. While the presence of a double bond in pseudotigogenin diacetate 
could lead to epimerization at C-17, such a reaction is most unlikely‘ 
when the starting compound already possesses the stable cis configura- 
tion. Furthermore, if the linkages at C-16 and C-17 remain unchanged, 
Marker’s contention (23) should be correct that the triacetates VI and 
XX are epimeric at C-20. Although the vicinal effect of a-16-acetoxy 
group or the disturbances due to solvent variation may not be negligible, it 
seems significant that the difference in molecular rotation between these 
triacetates is close to that reported for the pair of 20-epimeric pregnane- 
diol-3(a@) ,20 diacetates.6 The conclusion, therefore, seems warranted that 
triacetate VI is to be designated as allopregnanetriol-3(3) ,16(8) ,20(8) 
triacetate, its 20-epimer (XX) as allopregnanetriol-3(8) ,16(3) ,20(@) tri- 


* A serious objection to this contention could be based on Marker’s suggestion 
that the cyclic structure of pseudotigogenin (as given in the diacetate XIV) 
is tautomeric with that of an open chain 22-hydroxy-A"™.”~**-diene (20), since such 
a shift could lead to inversion at both C-16 and C-17. It should be noted, there- 
fore, that this concept and its experimental support have been withdrawn (47). 
The ready reconversion of pseudotigogenin to tigogenin (48) can be looked upon 
as another indication that both compounds have identical configurations at C-16 
and C-17. 

*Meystre and Miescher (49) report for pregnanediol-3(a),20(a) diacetate [al, 
= +26° + 4° in benzene and for pregnanediol-3(a),20(8) diacetate, [alp = +45° 
+ 4° in chloroform. Hence, A{M|\p = 7700°, while the difference in the molecular 
rotations (in 95 per cent ethanol) of the triacetates XX and VI equals 9700°. 
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acetate, and its 16-epimer (1), the triacetate from mare urine, as allo- sinc 
pregnanetriol-3(3) ,16(a@) ,20(3) triacetate. inso 

As a further test for the correctness of these assignments the relative con 
rates of the removal of the I6-acety! groups with methanolic potassium is te 
hydroxide were studied under standardized conditions. In order to cipit 
avoid secondary changes the reaction mixtures were examined without not 
concentrating the methanolic solution and without recourse to chromato- amy 
graphic analysis (50). The main reaction product in every case was alloy 
obtained in a yield higher than 50 per cent. While compound I was an’s 
converted to the 20-monoacetate (II), the triacetates VI and XX yielded rath 
diacetates (XVI and XXI). Both diacetates were unesterified in position also 
3, since chromic acid oxidation furnished products (XVIT and XXII) with com] 
the chromogenic properties of 3-ketosteroids (Fig. 3). This was con- was 
firmed in the case of compound XVII by alkaline hydrolysis, which yielded two | 
a ketodiol (XVIII) rather than a monohydroxylated a@,3-unsaturated ke- acetc 


tone which would have resulted if the carbonyl group were either in posi- 
tion 16 or 20 (6, 20). It follows, therefore, that the 16-acetoxy group is 


more reactive in the a than in the 8 configuration. The only substituent I sc 
which seems large enough and close enough to hinder this reaction is the we W 
side chain if it is cis to the reacting group. As the side chains in all three posal 
triacetates have the 8 configuration, the results of the solvolysis reaction scribi 
are in accord with the proposed structures. pregr 


Reference should be made to two other urinary steroids containing 16- low v 
hydroxyl groups, the configurations of which have been elucidated. Huff- tion ¢ 
man and Lott (51) obtained very good evidence that the 17-hydroxyl heate 
groups in estriol and in A*-androstenetriol-3 ,16,17 possess the same orien- 2.5 lit 
tation as the one in testosterone. Since the 16-hydroxyl groups were aqued 
found to be trans to those at C-17, they were designated as 8, an assign- ether 
ment which was in full accord with prevailing nomenclature. Recent evi- altern 
dence indicates, however, that the 17-hydroxyl group of the reference and \ 
compound, testosterone, may Lot be trans but cis to the angular methy! The s 
group at C-13 (52). If this is correct, the three 16-hydroxylated trios _ the fe 
that have been isolated from urine (estriol, androstenetriol, and allopreg- —equiilil 
nanetriol) are all 16(a)-hydroxysterovids. The 8 configuration has been troubl 
proposed for the 16-hydroxyl group of gitoxigenin by Shoppee (24) and ganic 
tentatively by Meyer (53). It seems premature, however, to correlate with w 
this assignment with those made in the present report. until a 

The demonstration that Marrian’s triol is a 8-3-hydroxysteroid necess- _ terial 
tates a reinterpretation of Marker’s unsuccessful attempts to epimerize its —— washec 
hydroxyl group at C-3. When the triol was heated with sodium in xy- “AN 
lene, only a small amount of material precipitable with digitonin was _ per cen 
formed (5). This was ascribed to the insolubility of the triol in xylene, and rot 
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since treatment with sodium in amy! alcohol furnished large amounts of 
insoluble digitonides (6). These upon splitting did not yield a triol but a 
condensation product, CogHyeOQ2. A negative result in the first experiment 
is to be expected, since allopregnanetriol-3(3) ,16(@) ,20(8) does not pre- 
cipitate with digitonin, while the outcome of the second must be ascribed 
not to inversion at C-3 but to other reactions, such as condensation with 
amy! alcohol. ‘The structural factors which prevent the precipitation of 
allopregnanetriol with digitonin have not been elucidated. While Marri- 
an’s triol is quite insoluble in dilute alcohol and can be tested only in 
rather low concentration, other related compounds that are more soluble 
also failed to precipitate. Among the three 8-3-hydroxy-16 ,20-diacetates, 
compounds VII, XVI, and XXI, the 20(@) compound, substance XXI, 
was the only one to yield a precipitate. ‘The negative results with the 
two other diacetates cannot be ascribed to the @ configuration of the 20- 
acetoxy group, since compound IV precipitated promptly with digitonin. 


EXPERIMENTAL® 


Isolation of Allopregnanetriol-3(8) ,16(a),20(8) As Triacetate (I)—Since 
we were unable to isolate allopregnanetriol from the material at our dis- 
posal according to the procedures given in the literature (2, 4), we are de- 
scribing the modification used here. The neutral fraction of the urine of 
pregnant mares was received from E. R. Squibb and Sons as a dark oil of 
low viscosity. 500 cc. of this material (485 gm.) were mixed with a solu- 
tion of 80 gm. of potassium hydroxide in 640 cc. of 95 per cent ethanol, 
heated under a reflux for 1.5 hours, and after cooling distributed between 
2.5 liters of ether, 2 liters of water, and 470 gm. of sodium chloride. The 
aqueous phase was reextracted with 1000 ce. and 500 cc. of ether. The 
ether layers were combined and washed with 1400 cc. of water and then 
alternately with 800 cc. portions of 4 per cent sodium hydroxide solution 
and water until most of the alkali-soluble pigments had been removed. 
The sodium hydroxide which was added as a 10 per cent solution caused 
the formation of a precipitate which was separated before dilution and 
equilibration. The removal of this material prevented the formation of 
troublesome emulsions in the succeeding washings with water. The or- 
ganic phase was washed with 800 cc. of 4 per cent hydrochloric acid and 
with water until neutral and evaporated. The residue was steam-distilled 
until about 9 liters of distillate had been collected. The non-volatile ma- 
terial was extracted with 3 liters of ether, and the ether solution was 
washed with 4 per cent sodium hydroxide (700 cc.), with water (700 cc.), 


* All melting points reported are corrected. Rotations were determined in 95 
per cent ethanol except when noted otherwise. Samples were dried for analysis 
and rotation at 80° in vacuo, except compound XVIII which was dried at 110°. 
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with dilute hydrochloric acid (100 cc.), and then with water until neutral. 
The ether layer was dried with sodium sulfate, filtered, chilled, and seeded 
with allopregnanetriol. (The first batch crystallized spontaneously at this 
stage.) After the mixture had stood in the refrigerator for 2 weeks, the 
crystalline precipitate was collected and washed with a small volume of 
cold dry ether. The erystals obtained in this manner (415 mg.) were free 
of the gelatinous impurity described by Haslewood et al. (2). This con- 
taminant was obtained only if the ether solution was moderately concen- 
trated. No crystalline material could be obtained from highly concen- 
trated solutions of ether or benzene. The crude triol was freed of a dark 
pigment by extraction with hot methanol and recrystallized from this sol- 
vent, yielding 214.4 mg. of crystals melting at about 290°. 

This product was dissolved with warming in 5 cc. of pyridine and 2 ce. 
of acetic anhydride and kept at room temperature for 18 hours. The ex- 
cess of the anhydride was hydrolyzed by the slow addition of 2 cc. of 
water to the chilled solution. The mixture was distributed between 100 
ec. of ether and 25 cc. of water, washed repeatedly with dilute hydrochlo- 
ric acid, 4 per cent sodium carbonate solution, and water, and yielded on 
evaporation 295 mg. of a crystalline residue. This was dissolved in 1 ce. 
of benzene and 3 cc. of petroleum ether and passed through a column 
(107 X 10.5 mm.) of Brockmann’s alumina (product of Merck and Com- 
pany, Rahway, New Jersey). Elution with 21 and 70 cc. of this solvent 
mixture, with 20, 30, 50, 50, and 90 cc. of benzene, and with 70 cc. of 
ether yielded 0.3, 29.5, 120.2, 66.4, 30.9, 13.1, 9.3, and 13.0 mg. of eluate 
(Fractions a to A). Fractions 6 to g were recrystallized from methanol 
and yielded a total of 259.4 mg. of allopregnanetriol triacetate melting at 
168-171°. Rotation, fa)” = — 49° (ce = 0.6). The constants of a some- 
what purer specimen are given below. The chromatographic procedure 
given also serves in the removal of any gelatinous material that may be 
present in cruder preparations, since this impurity is more readily eluted 
than the triacetate. The uranetriol (pregnanetriol A) described by Marker 
and coworkers (4) has not been encountered in our fractionations. 


16 Hour Solvolysis of Allopregnanetriol-3(8) ,16(a) ,20(8) Triacetate (I) 


Allopregnanetriol-3(8) ,16(a) ,20(3) 20-Monoacetate (I11)—2.37 cc. of 0.532 
w methanolic potassium hydroxide were added to a solution of 583.1 mg. of 
the triacetate in 200 cc. of methanol (concentration of both solutes 0.00623 
mole per liter). The mixture was kept at 20.0° + 0.2° for 16 hours, 


treated with 1.26 ec. of 1 N hydrochloric acid, concentrated to about 15 ce. 


in vacuo, and distributed between ether and water. The ether phase was 


washed with water and taken to dryness. 6 cc. of benzene were added to — 


the residue (531.6 mg.), brought to boiling, and kept at room tempers 


lt 
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ture. The insoluble material was separated and washed six times with a 
total of 5.5 ce. of benzene. The benzene-insoluble fraction (133.5 mg., 
m.p. 213-226°) upon recrystallization from 95 per cent ethanol yielded 101 
mg. of fine needles melting at 226-229° (20-monoacetate (I1)). The ben- 
zene-soluble portion (398 mg.) was dissolved in 5 ce. of benzene and 
passed through a column (130 X 11 mm.) of alumina and eluted as de- 
scribed in Table I. 

Allopreqnanetriol-3(3) ,16(a),20(8) Triacetate (1)—This compound was 
obtained from Fraction | (22.5 mg. of thin plates melting at 170.5-171.5°; 
fa}3* = —45° (ec = 0.65)) and in less pure form from Fraction 2 (26.4 mg., 
m.p. 166.5-170°) upon recrystallization' from methanol. The melting 
point reported in the literature is 168° (2, 4). 


TABLE I 


Chromatographic Analysis of Benzene-Soluble Material from 16 Hour Solvolysis 
of Allopregnanetriol-3(8) ,16(a),20(8) Triacetate (1) 


Eluant Eluate 
Fraction No 
Volume Composition Weight Main product 

cc. mez. 
l 30 Benzene 30.2 Triacetate (1) 
2 40 85.3 
3 50 “ 97.7 16,20-Diacetate (VII) 
4 75 57.3 
5-7 250 " 37.8 
50 + ether 4:1 18.6 
10-11 100 35.5  20-Monoacetate (II) 


12 60 Methanol 13.7 


_ 


Allopregnanetriol-3(8) ,16(a),20(8) 16,20-Diacetate (V11)—Fractions 3, 
4,5 to 7, and 8 after numerous recrystallizations from dilute acetone and 
from mixtures of acetone and petroleum ether yielded 52.6 mg. (m.p. 164- 
166°), 12.8 mg. (m.p. 164-166°), 12.9 mg. (m.p. 164-165.5°), and 4.7 mg. 
(m.p. 163.5-165°) respectively of rod-shaped crystals. An analytical spec- 
jmen melted at 165-166°. 


Analysis (E. H.)—CosHyoOs. Calculated, C 71.39, H 9.59; found, C 71.43, H 9.62 
Rotation, [a/§} = —41° (c = 0.8) 


The combined mother liquors of these fractions were recrystallized three 
times from mixtures of acetone and petroleum ether. The resulting 
mother liquors (Fraction S) yielded the 3 ,20-diacetate, while the crystals 
upon continued recrystallization and chromatographic separation fur- 
nished an additional crop (21.3 mg.) of the 16,20-diacetate. 
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Allopregnanctriol-3(8) ,16(a) ,20(8) 3 ,20-Diacetate (1 X)—Fraction 8 (62.4 
mg.) was dissolved in 3 cc. of a 2:1 mixture of petroleum ether and ben- 
zene and passed through a column (69 &K 6 mm.) of alumina. ‘The second 
eluate (14.6 mg.) was obtained with 10 cc. of the same solvent mixture. 
It was recrystallized repeatedly from dilute methanol and from petroleum 
ether and vielded 10.0 mg. of fine needles melting at 115-116.5°. 


Analysis (F. S.)—(Sample 1.1 mg.) CoHyeOs. Calculated. C 71.39, H 9.59 
Found. 


Although the low melting points of several fractions indicated the pres- 
ence of additional amounts of this diacetate, attempts to isolate it by re- 
crystallization or rechromatographing were unsuccessful. The analysis 
could, therefore, not be repeated.’ 

1.0 mg. of this diacetate was acetylated at room temperature with a 2:1 
mixture of pyridine and acetic anhydride (17 hours). The reaction prod- 
uct after two recrystallizations from dilute methanol gave 0.9 mg. of 
platelets melting at 166.5-169.5° and at 169.5-171° on admixture with 
a sample of pure triacetate (I). 

48 Hour Solvolysis of Allopregnaneiriol-3(8) ,16(a) ,20(8) Triacetate (1); 
20-Monoacetate (1])-—-A solution of 334.5 mg. of allopregnanetriol-3(8) - 
16(a@) ,20(8) triacetate (1) and of an equimolar amount of potassium hy- 
droxide in methanol (total volume 117 cc.; concentration 0.00618 mole 
per liter) was kept at 20.0° + 0.1° for 48 hours, and then distributed be- 
tween 350 cc. of water and 500 cc. of ether. The ether phase was washed 
until neutral and yielded on evaporation 276.6 mg. of residue (average 
molecular weight found 382; calculated for CogH 304, 378.5). 71.7 mg. of 
this material were extracted with benzene as described above; the re- 
mainder upon recrystallization from 95 per cent ethanol yielded 110.6 
mg. of the monoacetate melting at 227-230° and 67.6 mg. of a less pure 
product melting at 221-228°. With the inclusion of this material the 
vield was 65 per cent. The melting points reported in the literature for 
this compound are 222-224° (3) and 233-235° (6). 


Allopregnanol-20(8)-dione-3 ,16 Acetate (I11)—This compound was pre- 


pared from allopregnanetriol-3(8) ,16(a) ,20(3) 20-monoacetate (II) essen- 
tially by the procedures given in the literature (3, 6) (3 hours oxidation 
at 25°) and recrystallized from dilute alcohol. It melted at 191-193.5°. 


’ Addition to proof (February 14, 1949). Through the generosity of Dr. L. L. 
Engel we received a large sample of Marrian’s triol which enabled us to repeat the 


preparation of compound IX. Analysis (E. H.), found, C 71.00, H 9.38. Although | 


the new H value is satisfactory, some reservation should still be expressed about the 


purity of this product which may not be entirely free of isomer VII. The presence — 
of such an impurity, however, would in no way invalidate the conclusions drawn from 


the conversion to ketone V. 
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Rotation, [a]?? = —79° (c = 0.5) (sample dried at room temperature). 
In the dinitrobenzene reaction it gave an intense purple color which 
changed to brown within about 8 minutes. Measurements of the extine- 
tion of the final color product showed unusually large variations and are, 
therefore, not reported. 

Reduction of Allopregnanol-2U(8)-dione-3,16 Acetate (11) to Allopreg- 
nanediol-3(3) ,20(3)-one-16 20-Acetate (1V)—15.9 mg. of platinum oxide 
(according to Adams and Shriner) were suspended in 4 cc. of 95 per cent 
ethanol and reduced with hydrogen. <A solution of 82 mg. of compound 
III in 10 ce. of the same solvent was added and shaking continued until 
the hydrogen uptake ceased (2 hours, apparent hydrogen uptake 1.4 
moles equivalent). The catalyst was removed by centrifuging, the re- 
duction product was separated with digitonin (319 mg.) in a medium of 
32 ec. of 80 per cent ethanol into a precipitable and a non-precipitable 
fraction, which were worked up in the usual manner (54). The precip- 
itable material (63.9 mg.) upon recrystallization from mixtures of benzene 
and petroleum ether (4:10) yielded 60.6 mg. of fine needles melting at 
190-193°. Further reerystallization raised the melting point to 192.5-194°. 


Analysis (J. A.)—CuHyO,. Calculated, C 73.36, H 9.64; found, C 73.74, H 9.19 


Allopregnanediol-3(8) ,20(8)-one-16 Diacetate (V) from 20-Monoacetate 
([V)—51.8 mg. of allopregnanediol-3(3) ,20(8)-one-16 20-monoacetate (IV) 
were acetylated with 1 ce. of acetic anhydride and 2 cc. of pyridine at 
room temperature (16 hours). The reaction product crystallized from 
methanol in long needles which melted at 184-186° (43.8 mg.). The 
mother liquors furnished 9 mg. of the diacetate melting at 182.5-185°. 


Analysis (J. A .)—CagH Calculated, 71.74, H 9.15; found, Cc 71.68, H 8.88 
Rotation, lalp = —97° = 0.4) 


The absorption spectrum of this compound in the ultraviolet region is 
given in Fig. 1, in the infra-red in Fig. 2 (Curve C). In the dinitrobenzene 
reaction it yielded a bronze-colored solution. Absorption data on the 
final product are given in Fig. 3 (Curve 1). 

Reduction of Allopregnanediol-3(8) ,20(8)-one-16 Diacetate (V); (a) With 
Platinum—18.7 mg. of compound V, 16 mg. of platinum oxide, and 6 ce. of 
glacial acetic acid were shaken at room temperature in an atmosphere of 
hydrogen until no more gas was taken up. The reaction product was 
freed of catalyst and solvent and acetylated at room temperature with 1 
cc. of acetic anhydride in 2 cc. of pyridine (38 hours). The crude triace- 
tate (19.8 mg.) was recrystallized repeatedly from methanol and from pe- 
troleum ether. 11.5 mg. of heavy crystals with numerous facets were 
obtained which melted at 165-165.5° and at 164-165.5° on admixture 
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with a sample of allopregnanetriol-3(3) ,16(¢) ,20(3) triacetate (VI) (m.p. 
164-165°) prepared from pseudotigogenin diacetate (XIV). Admixture 
with the triacetate of allopregnanetriol-3(3) ,16(3),20(@) (XX) markedly 
depressed the melting point. 


Analysis (J. A.)—CyHwO,. Calculated, C 70.10, H 9.15; found, C 70.46, H 9.32 
Rotation, lalp = +46° (c = 0.5) 


(b) With Nickel—A solution of 7.4 mg. of compound V in 4 cc. of etha- 
nol and a suspension of 36 mg. of a W-4 nickel catalyst (18) in 0.06 ce. of 
the same solvent were shaken at room temperature in an atmosphere 
of hydrogen at normal pressure for 150 minutes; no uptake of gas could 
be observed during this period. The reaction product was acetylated at 
room temperature (16 hours) and then recrystallized as described above. 
The melting point (165-166°) of the triacetate (4.3 mg.) was not depressed | 
by admixture with the preparation obtained by method (a). Transmis- 
sion measurements in the infra-red region are reported in Fig. 2, Curve A. 

(c) Other Procedures—Unsuccessful attempts were made to reduce com- 
pound V with sodium amalgam in alcoholic acetic acid (55) or catalytically 
(Pt) in an alcoholic solution at 75° at a hydrogen pressure of 200 pounds. 
Reduction of 9.8 mg. of compound V with 70 mg. of aluminum isopro- 
pylate in boiling isopropanol (5.0 cc.) followed by acetylation and re- 
crystallization furnished 1.0 mg. of a product which melted at 160-163° 
and at 163-165.5° on admixture with a sample of pure compound VI. 

Allopregnanetriol-3(3) ,16(8) ,20(3)—A4.3 mg. of triacetate VI prepared by 
procedure (b), 40 mg. of sodium hydroxide, and 5 cc. of 80 per cent etha- 
nol, were heated under a reflux for 70 minutes. The resulting triol (3.1 : 
mg.) was obtained by ether extraction and recrystallized from acetone and | 
twice from methanol. Its melting point was found to be rather variable; 
the highest observed was 274-284° with decomposition. It was not de- 
pressed by admixture with a specimen prepared from pseudotigogenin, P 
which melted at 273-284° with decomposition. The compound has been r 
reported to melt at 286-288°, 285-288°, and 285-287° (20, 23). 

Oxidation of Allopregnanetriol-3(8) ,16(a) ,20(8) 16 ,20-Diacetate 
16.7 mg. of compound VII were dissolved in 1 ec. of acetic acid and ox 
dized with a solution of 4.0 mg. of chromium trioxide in 0.33 cc. of 90 per a 
cent acetic acid for 3 hours at 25° and then treated with 0.5 ec. of metha- c 
nol. The reaction mixture was distributed between ether and water. a 
The ether layer was washed with water, repeatedly with sodium carbonate Vv 
solution, and with water, and vielded on evaporation 14.5 mg. of a color- m 
less oil which could not be induced to crystallize. Spectrographic meat tt 
urements on the pigment formed from such material with alkaline din-— 
trobenzene are given in Fig. 3, Curve 2. Separation with Reagent T — 
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of Girard and Sandulesco yielded 13.2 mg. of material in the ketonie and 
1.1 mg. in the non-ketonic fraction. 

Oxidation of Allopregnanetriol-3(8) ,16(a),20(8) 3,20-Diacetate (IN)—A 
solution of 6.9 mg. of diacetate LX in 1 ec. of acetic acid was mixed with 
a solution of 1.7 mg. of chromium trioxide in 0.12 cc. of 90 per cent acetic 
acid. The mixture was kept at 25° for 3 hours and worked up as de- 
scribed above. The neutral fraction was recrystallized three times from 
methanol and yielded 2.6 mg. of long needles which melted at 183.5— 
185.5° and at 184.5-186° on admixture with a specimen of allopregnane- 
diol-3(8) ,20(3)-one-16 diacetate (V) (m.p. 185-186°) prepared from com- 
pound IV. ‘Transmission measurements in the infra-red region are given 
in Fig. 2 (Curve D). Although generally in good agreement with Curve 
C, they show a shoulder at 5.91 yw. This may be due to the presence of 
some A'?-*’-unsaturated 16-ketone which could form from V by the elimi- 
nation of acetic acid. Such an impurity could account, at least in part, for 
the high carbon value found for the material recovered from the infra-red 
measurements. 


Analysis (E. H.)--(Sample 1.5 mg.) Calculated. C 71.74, H 9.15 
Found. 


Reduction of Allopregnanediol-16(a) ,20(3)-one-3 Diacetate (VIII); (a) In 
Alcohol—8.5 mg. of compound VIII, 13.9 mg. of platinum oxide, and 4.5 
ec. of 95 per cent ethanol were shaken with hydrogen for 2 hours. A so- 
lution of the reaction product and of 32.2 mg. of digitonin in 3.2 ce. of 80 
per cent ethanol yielded only a very small amount of precipitate. The 
mixture was, therefore, evaporated and freed of digitonin by the pyridine 
method (54). The ether-soluble material was acetylated with 1 ce. of 
acetic anhydride in 2 ce. of pyridine at room temperature for 19 hours. 
The resulting triacetate after five recrystallizations from methanol melted 
at 170-171° (4.3 mg.). Admixture with compound I did not depress the 
melting point. 


Analysis (FE. H.) Calculated, C 70.10, H 9.15; found, C 70.26, H. 9.13 


(6) In Acid—14.8 mg. of platinum oxide suspended in 3 ce. of glacial 
acetic acid were reduced with hydrogen. 24.7 mg. of compound VIII in 4 
ce. of this solvent and 0.1 cc. of 48 per cent hydrobromic acid were added 
and shaking continued for 105 minutes. The reaction product was acet- 
ylated as in procedure (a). 14.7 mg. of platelets were obtained which 
melted at 170-171° and at 170.5-171.5° when mixed with allopregnane- 
triol-3(3) ,16(a) ,20(3) triacetate (1). Rotation, = —47° (ce = 0.5). 

3, 16-Dichloroallopregnanol-20(8) Acetate (X)—99 mg. of dry calcium car- 
bonate (low in alkali) were added to a solution of 48.3 mg. of allopreg- 
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nanetriol-3(3) ,16(a@) ,20(3) 20-monoacetate (II) in 8 ce. of dry chloroform 
which had been freed of alcohol. The suspension was kept in ice while 
140 mg. of phosphorus pentachloride were added in small portions (40 
minutes) and then allowed to stand at 25° for | hour. The excess reagent 
was hydrolyzed by the addition of 8 cc. of a cold 8S per cent sodium bi- 
carbonate solution. ‘The mixture was acidified and extracted with ether. 
The organic phase was washed repeatedly with dilute hydrochloric acid, 
with sodium carbonate solution, and with water, and taken to dryness 
(54.2 mg.). The reaction product, which was readily soluble in cold ben- 
zene, was recrystallized from methanol and from ethanol. 33.7 mg. of 
colorless heavy plates were obtained which melted at 202-206° with some 
decomposition. Further recrystallization from ethanol or from acetone 
did not raise or sharpen the melting point. 


Analysis (E. H.)—CallyOrCl,. Calculated, C 66.49, 118.74; found, C 66.55, H 8.74 


Chromatographic separation of the mother liquors and recrystallization 
from ethanol yielded an additional 2.2 mg. of the dichloride (total vield 
68 per cent). 

Reduction of 3 ,16-Dichloroallopregnanol-20(8) Acetate (X); Allopregnanol- 
20(8) Acetate (N11); (a) With Sodium—230 mg. of sodium were added in 
small pieces to a solution of 24.5 mg. of compound X in 4 cc. of propanol 
which was heated under a reflux until all the sodium had reacted (50 
minutes). The mixture was cooled and taken up in ether and was washed 
repeatedly with water. The ether solution on evaporation yielded 18.4 
mg. of a crystalline residue which was reacetylated at room temperature 
(2 ec. of pyridine, | ec. of acetic anhydride for 14.5 hours). The acetate 
after recrystallization from 95 per cent ethanol melted at 155-158° (18.0 
mg. corresponding to a vield of 88 per cent). Further recrystallization 
raised the melting point to 158-159.5°. It remained unchanged on ad- 
mixture of a specimen of allopregnanol-20(8) acetate (m.p. 158-160°) 
prepared from allopregnanone (XII). 


Analysis (E. H.)—CaHys02. Calculated, C 79.71, H 11.05; found, C 79.76, H 11.0 
Rotation, = +34° (c = 0.5, acetone) 


The melting point recorded for this compound is 156° (11). el 

12.0 mg. of allopregnanol-20(8) acetate (XI) (prepared from compound be 
X), 2.1 cc. of 95 per cent alcohol, and 0.4 cc. of an aqueous solution of (e 
sodium hydroxide (4 per cent) were heated under a reflux for 2 hours. = 
The mixture was distributed between ether and water. The residue from — 
the washed ether layer was recrystallized repeatedly from dilute ethanol | 
and from petroleum ether. The final product, a reference specimen of — 
allopregnanol-20(8), and a mixture of both all melted at 142-143°, while — 


| 


28 


28 
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the resolidified melts liquefied at 149°. This change in melting point 
was frequently but not invariably observed. Occasionally the higher 
melting product was obtained by recrystallization. The phenomenon 
is ascribed to dimorphism. Allopregnanol-20(3) has been reported to 
melt at 140° (11). 

(b) With Nickel—A solution of 6.0 mg. of compound X in 5 ce. of al- 
cohol and 0.5 cc. of a suspension of a freshly prepared W-7 nickel cata- 
lyst (9) (about 300 mg.) were shaken with hydrogen for 3 hours. The 
catalyst was removed and the solution distributed between ether and 
water. The ether laver was washed with dilute hydrochloric acid and 
repeatedly with water and evaporated. The residue was recrystallized 
three times from 95 per cent ethanol. The final product (3.9 mg.) melted 
at 157-159° and at 158-159° when mixed with a sample of allopregnanol- 
20(8) acetate prepared from allopregnanone. In a similar experiment 
(in the presence of added sodium hydroxide) with a W-4 catalyst that 
had been stored under ethanol for 7 months only a trace of ionizable chlo- 
rine was formed and most of the dichloride X was recovered unchanged. 

Preparation and Reduction of Allopregnanone-20 (X1I1)-—Allopregnane- 
dione-3 ,20 was converted to allopregnanone-20 by « modification of the 
procedure of Marker and Lawson (11). Details are given, since we ob- 
tained a higher melting product in better yield. 100.4 mg. of allopreg- 
nanedione, 2.5 gm. of zine (30 mesh), and 8.3 ec. of 95 per cent alcohol 
were heated in an Erlenmeyer flask fitted with a reflux condenser. When 
all the diketone had dissolved, 3.5 ce. of a 1:1 mixture of aleohol and 
concentrated hydrochloric acid were added in nine equal portions during 
25 minute intervals; heating was continued for another 40 minutes (total 
4 hours). The reaction mixture was allowed to cool and its liquid phase 
was distributed between ether and dilute hydrochloric acid. The or- 
ganic layer was washed again with acid and repeatedly with water and 
vielded on evaporation 96.0 mg. of crystalline residue. ‘This was dis- 
solved in 10 cc. of petroleum ether containing 20 per cent of benzene and 
passed through a column (66 X 8 mm.) of alumina. Elution with 5, 10, 
20, and 40 cc. of this solvent mixture yielded 37.0, 42.4, and 9.2 mg. of 
crystals and 0.9 mg. of an oil (Fractions a to d, respectively). Continued 
elution with 2:1 mixtures of benzene and petroleum ether and with pure 
benzene gave a total of 6.2 mg. of crystalline material. These fractions 
(e to g) gave little or no color in the dinitrobenzene reaction when tested 
at a concentration of 100 y or more per 0.2 cc. Fraction a likewise con- 
tained a non-chromogenic impurity which was removed by rechromato- 
graphing. Recrystallization from methanol vielded 57.3 mg. of etched 
platelets melting at 136-138° and 10.6 mg. of less pure material melting 
at 133-135.5°. If this is included, the vield was 71 per cent. The non- 
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chromogenic nature of the impurities encountered suggests that further 
reduction of the reaction time or greater dilution of the acid may 
be beneficial. 


Analysis (FE. H.)—-CyHyO. Calculated, C 83.38, H 11.33; found, C 83.25, H 11.26 


Absorption data on the colored solution obtained with allopregnanone- 
20 in the dinitrobenzene reaction are given in Curve 5 of Fig. 3. When 


the crude reaction product was recrystallized from methanol, it gave — 


81.5 mg. of plates melting at 130-133°. Purification of this material by 
continued recrystallization, however, proved less efficient than chromato- 
graphic separation. Marker and Lawson obtained a preparation of allo- 
pregnanone-20 melting at 129° in 55 per cent yield. 

Allopregnanone-20 (XII) was reduced with platinum in acetic acid 


(11) at normal pressure. The crystalline reaction product was acety- | 


lated at room temperature to yield allopregnanol-20(8) acetate (XI). Ro- 
tation, la)? = +38° (c = 0.5, acetone). The free alcohol was obtained 
by hydrolysis of the acetate as described above or directly by recrystal- 
lization of the reduction product of allopregnanone. 

Preparation of Triacetates of Allopregnanetriol-3(8) ,16(8),20(8) (VI) 


and of Allopregnanetriol-3(8) ,16(8),20(a@) (XX) from Tigogenin Acetate — 


(X/1[b)—Diosgenin was isolated (56, 57) from beth root (S. B. Penick 
and Company), acetylated with pyridine and acetic anhydride at room 


temperature, and converted to tigogenin acetate either by the procedure — 


of Marker et al. (56) or by reduction of an alcoholic solution with a pal- 
ladium-calcium carbonate catalyst (58). The conversions of tigogenin 
acetate to the two isomeric allopregnanetriol triacetates were effected 
essentially by the methods of Marker and his coworkers (19-21). The 
resulting triacetates were purified by chromatographic separation. 
Allopregnanetriol-3(3) ,16(3),20(8) triacetate (VI) melted at 164—166°. 
Rotation, fa]? = +48° (¢ = 0.7). Measurements of its infra-red trans- 
mission spectrum are reported in Curve B of Fig. 2. The melting points 
reported for this compound are 161-163° and 161.5-163° (20). 


Allopregnanetriol-3(8) ,16(8),20(a) triacetate (XX) showed a melting © 


point of 166.5-168°. Rotation, = +25° ( ¢ = The melting 
point given in the literature is 166° (21). 

48 Hour Solvolysis of Allopregnanetriol-3(8) ,16(3) ,20(8) Triacetate (V1) 
—This experiment was carried out simultaneously with the 48 hour sol- 
volysis of compound I and aliquots of the same alkali solution were used 
in both. 29.9 mg. of compound VI and an equimolar amount of potas- 
sium hydroxide were kept in methanol (total volume, 10.45 cc. to give 4 


* The negative value published previously (59) is a printer’s error. 
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0.00618 mM solution) at 20° + 0.1° for 48 hours. The mixture was then 
distributed between 80 cc. of ether and 42 cc. of water. The ether phase 
was washed twice more with water and vielded on evaporation 27.5 mg. 
of a crystalline residue (average molecular weight found 425; calculated 
for diacetate, CosHwO;, 420.6). Extraction with benzene vielded 25.3 
mg. of soluble material which was recrystallized from dilute and from 
absolute methanol and repeatedly from acetone. 5.4 mg. of needle- 
shaped crystals melting at 209-210° were obtained in addition to 8.9 mg. 
of less pure diacetate melting at 200-206° (vield 53 per cent). 


Analysis (FE. H.) Calculated, C 71.39, H 9.59; found, 71.33, H 9.47 


48 Hour Solvolysis of Allopregnanetriol-3(8) ,16(8),20(a) Triacetate 
(XX)—A solution of 37.6 mg. of the triacetate XX and of an equimolar 
amount of potassium hydroxide in 13.15 ec. of methanol (resulting mo- 
larity 0.00618) was kept at 20° for 48 hours and distributed between ether 
and water. The neutral reaction product (33.8 mg.; average molecular 
weight found 416; calculated for diacetate, C2;H Os, 420.6) upon reerys- 
tallization from methanol and from acetone yielded 21.0 mg. (61 per cent) 
of the 16,20-diacetate as elongated platelets melting at 228-232°. 


Analysis (EF. H.)—CasHgoOs. Calculated, C 71.39, H 9.59; found, C 71.27, H 9.51 


Oxidation of Allopregnanetriol-3(8) ,16(8),20(8) 16,20-Diacetate (XV1) 
—A solution of 6.3 mg. of compound XVI (m.p. 204—208°) in 1.6 ce. of 
acetic acid was mixed with a solution of 1.5 mg. of chromium trioxide in 
0.13 ec. of 90 per cent acetic acid and kept at 25° for 3 hours. The 
neutral oxidation product (6.2 mg.), which was isolated in the usual 
manner, failed to crystallize. An aliquot was studied in the dinitroben- 
zene reaction which showed the same color changes as those described 
below (Fig. 3, Curve 4). The remainder of ketone XVII was dissolved 
in 5 ce. of 80 per cent ethanol containing 50 mg. of sodium hydroxide and 
heated for 1 hour under a reflux. The hydrolyzed product (4.8 mg.) was 
erystalline. Examination of its ultraviolet absorption spectrum revealed 
that it was essentially (about 98 per cent) free of a,8-unsaturated ketones. 
After purification by means of Girard’s reagent and recrystallization 
from acetone the preparation of allopregnanediol-16(8) ,20(3)-one-3 
(XVIII) melted at 241-246° with decomposition. 


Analysis (FE. H.)—-CaHyOs. Calculated, C 75.40, H 10.25; found, C 75.08, H 10.14 


Oxidation of Allopregnanetriol-3(8) ,16(8),20(a) 16,20-Diacetate (X XT) 
—21.0 mg. of compound XXI were oxidized for 4 hours with 5 mg. of 
chromium trioxide in 1.45 cc. of 98 per cent acetic acid at 25°. 
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The neutral reaction product (19.7 mg.) was recrystallized repeatedly 
from methanol and from petroleum ether. The ketodiacetate XXII 


melted at 192-193°. 
Analysis (EB. H.)—CaoHasOy. Calculated, C 71.74, H 9.15; found, C 71.80, H 9.1] 


Its behavior with alkaline dinitrobenzene is typical of 3-ketosteroids 
The solution turned purple immediately and started to become brown 
after about 15 minutes. The color change was complete after about 30 
minutes. The absorption characteristics of the final product are given 
in Fig. 3, Curve 3. 

Precipitability with Digitonin—The 16,20-diacetates VII, XVI, and 
XXI were dissolved in 80 per cent ethanol to give 1 per cent solutions, 
allopregnanetriol-3(8) ,16(a),20(8) to give a 0.25 per cent solution. 
Equal volumes of a 1 per cent solution of digitonin in 80 per cent ethanol 
were added. Compound XXI gave a flocculent precipitate after 15 min- 
utes; the other mixtures remained clear for the first 24 hours. On the 
2nd day the two other diacetates gave small amounts of flocculent pre- 
cipitates, while the triol from mare urine yielded some crystalline material 
having the appearance of the original triol. 

Infra-Red Measurements—The instrument used was a Perkin-Elmer | 
recording spectrometer with sodium chloride prism and with p.c. amplifi- 
cation. Glass and lithium fluoride shutters were employed. The record- 
ings in the region from 12 to 15 « have not been plotted, since compound | 
V and particularly compound VI at the concentration studied showed 


very little absorption. 


SUMMARY 


Evidence has been presented to show that the allopregnanetriol-3 , 16,20 . 
from the urine of pregnant mares is to be designated as allopregnanetriol- 
3(8) ,16(a) ,20(8), the isomer obtained from tigogenin by means of per- | 
sulfuric acid as allopregnanetriol-3(3) ,16(8),20(a@), and the one prepared | 
from pseudotigogenin as allopregnanetriol-3(8) ,16(3),20(3). The con- | 
figuration of the carbon-oxvgen bond at C-16 of the sapogenins and their — 
reaction products has been discussed. 


The authors wish to express their indebtedness to Dr. R. W. Bates of 
kK. R. Squibb and Sons and to Dr. O. Wintersteiner of The Squibb In- 
stitute for Medical Research for the extract from the urine of pregnant 
mares, to Dr. Oliver Kamm of Parke, Davis and Company for the allo — 
pregnanediol-3(a@),20(a@) used in the preparation of allopregnanol, and 
to Dr. E. W. D. Huffman, Denver, Colorado, to Mr. J. F. Al- 
cino, Metuchen, New Jersey, and to Dr. F. Schwarzkopf, Elmhurst, Long _ 
Island, for the microanalyses reported in this paper. 
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THE RELATION OF CHEMICAL STRUCTURE TO THE STIMU- 
LATION OF LIPIDE PHOSPHORYLATION * 


By W. E. CORNATZER anno CAMILLO ARTOM 


(From the Department of Biochemistry, Bowman Gray School of Medicine, 
Wake Forest College, Winston-Salem, North Carolina) 


(Received for publication, October 18, 1948) 


It has been reported recently that the administration of a single dose 
of ethanolamine (2, 42) or of its products of partial methylation (2) stimu- 
lates the formation of total phospholipides in the liver and the intestine 
of rats on a low protein diet. This effect is similar to that which had been 
observed after feeding choline (38, 3) or compounds like betaine (39) and 
methionine (40) which contain transferable methyl groups and therefore 
may contribute to the synthesis of choline in the body. We have now 
investigated a number of other compounds in an attempt to elucidate the 
relationship of the chemical structure of a substance to its action on lipide 
phosphorylation. ‘The compounds tested included analogues of ethanol- 
amine (di- and triethanolamine), the mono- and diethyl derivatives of 
ethanolamine, the triethyl analogue of choline, primary and tertiary ali- 
phatic amines (ethyl-, methyl-, and trimethylamine), and ammonium 
chloride. In a few additional experiments the action of some other sub- 
stances, which may be of biological interest, has been also investigated. 
These included serine and inositol, which are constituents of certain tissue 
phospholipides, glutathione, and dimethylaminoazobenzene (butter yellow). 
It has been postulated that this azo dye acts as a methyl donor (24) and 
that its carcinogenic action may have some relation to this property. 


EXPERIMENTAL 


As in previous experiments, male albino rats (100 to 110 gm.) were 
divided in groups of three to six and maintained for 7 days on a low fat, 
low protein diet (Diet 26 (3)) in which a solution of pure B vitamins (17) 
was incorporated daily. In two experiments on butter yellow, the azodye 
was also added to the diet. In part of the experiments on choline and 
triethyleholine a diet with a higher fat content was employed (Diet 28, 


* Aided by a grant from the John and Mary R. Markle Foundation. The P** used 
in the experiments was obtained from the Oak Ridge National Laboratory, on al- 
location from the United States Atomic Energy Commission. Preliminary reports 
were presented at the annual meeting of the North Carolina Academy of Science, 
Davidson College, North Carolina, May, 1948, and at the 114th meeting of the Ameri- 
can Chemical Society, Washington, D. C., September, 1948 (16). 
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containing casein 5 parts, dextrin 28, sucrose 29, Criseo 30, cod liver oil 2, 
Ruffex 2, salt mixture (37) 4). 

As a rule, one or two of the animals in each group received water, and 
the others were given the substances to be tested, each rat receiving 4 
different compound. Thus, while the same rat was used as a control for 
more than one of the substances, for any given substance each test animal 
had its own control in the same group. Only in the experiments on butter 
yellow separate groups of test and control rats were run simultaneously, 

The water (1 cc.) and the compounds tested (0.2 mm in 1 cc. of water) 
were given in one dose by stomach tube, except in the experiments on the 
action of glutathione, in which the intraperitoneal route was used in both 
control and test animals. 5 minutes later all rats were injected intra- 
peritoneally with a solution of Na,HPO, containing radioactive phosphorus, 
and after 6 hours they were killed by decapitation. On the lipides ey. 
tracted from the liver and the small intestine the radioactivity and phos- 
phorus were determined, as previously described (3). 

Triethylhydroxyethylammonium chloride (triethylcholine) was gener- 
ously supplied by Dr. C. C. Lucas of the University of Toronto. The other | 
substances were commercial products. The ethanolamines were purchased © 
as the bases, and their identity and purity (not less than 95 per cent) were | 
checked by determinations of specific gravity, boiling point, acid equiva- 
lent, ammonia evolved by alkaline periodate, and formol titration. Prior 
to the administration to the animals, the solutions were neutralized to pH | 
5.5 with HCl. The amines and choline were obtained as the chlorides, the 
titer of the solutions fed to the animals being estimated on the basis of 
determinations of total N and Cl. 


Results 


For the sake of brevity, in Tables I to 1V we are reporting only the aver- 
age values for the radioactivity and the specific activity of the lipide phos- 
phorus. The statistical evaluation of the data has been made by applying | 
the ¢ test of significance to the differences between the average values oi — 
the test animals and those of the corresponding controls. In the experi 
ments reported in Tables I and IV, the average of the data obtained withs | 
given substance (four to seven rats) was compared with the general average 
of the controls in the various groups (liver, twenty-one rats; intestine, — 
twenty rats). In addition, in all experiments, except those on dimethyl 
aminoazobenzene, another method of comparing the data was also used | 
The differences observed in the various experiments between the rat re 
ceiving a certain compound and the controls of the same group receiving | 
water were averaged. The value of ¢ for each average difference was the. 
calculated according to the formula for testing the significance of a single 
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mean. While some discrepancies are apparent, in most cases the results 
calculated by either method were in fairly good agreement with each 
other. 


TABLe 
Action of Various Compounds on Lipide Phosphorylation in Liver of Rats 
The rats were maintained for 7 days on a low protein, low fat diet (Diet 26). 


Liver lipides, averages 
No. of bitusenenaiven Radioactivity Specific activity 
Per cent of | 
dose yen : Per cent change | x 100 Per cent change 
21. Water (controls) | 414 + 17 | 9+ 3 
7 Diethanolamine 701 + 34 4+69* (+65") | 144413 +60* (+58*) 
5 Triethanolamine 536 + 43 +30* (+35*) 108+ 8 +20f (+29*) 
5 Ethylethanolamine 759+ 40 +83* (+87") | 150+ 6 +66* (+65*) 
5 Diethylethanola- |§ 781441 +89* (+93*) 148212 +465* (463°) 
mine | 
Ethylamine 480 + 41 +16 (4+20t) 1144 7 +427* (423¢) 
5 Methylamine 428 +32 +4 (+10) 8+ 8) -2 (+9) 
5 Trimethylamine 470 +47 +14 (421) | Oe 7 | +1 (+12) 
5 Ammonium 407 + 29 —2 (-—2) 87+ 5 —3 (0) 
chloride 
379+ 29 -8 (-15) | 6 (-8) 
Glutathione 419+ 55 +1 (424) | M4 4; +4 (+411) 


The figures preceded by + are the standard error of the mean. ‘‘Radioactivity”’ 
represents the per cent of the dose injected which was found in the lipides of the 
whole liver of the experimental animals. ‘‘Specifie activity’’ represents the radio- 
activity divided by the mg. of lipide P calculated for the whole liver of a 100 gm. 
rat. The figures have been multiplied by 100 in order to make the values directly 
comparable with those reported in previous papers from this laboratory, in which 
the radioactivity was expressed in ‘‘relative radioactive units’ (r.r.u.), the dose 
injected being assumed to be = 10‘ r.r.u. The figures in parentheses indicate the 
per cent change calculated on the basis of the average difference between the test 
animal and the control of the same experimental group. Unmarked values have a 
probability of chance occurrence P > 0.05. 

*P< 0.01. 

+P < 0.05. 


From Table | it is apparent that diethanolamine, triethanolamine, ethyl- 
ethanolamine, and diethylethanolamine caused quite significant increases 
in both the total radioactivity and specific activity of the liver lipides. 
The per cent increases are of the same order of magnitude as those which 
have been found previously after giving ethanolamine, methylethanol- 
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amine, or dimethylethanolamine (2). Among the other substances listed 
in Table I, only ethylamine caused increases which were statistically sig- 
nificant. In some of the experiments in which methylamine, trimethyl. 
amine, or glutathione was tested, appreciable increases over the controls 
were found. But, because of the variability in the individual values and of 


the small number of experiments, the average differences are not signifi- 
cant, and the only conclusion which can be drawn at present is that these 
substances are either ineffective or very slightly effective. 

The same statement should be made for the results obtained with butter 
yellow (Table II). Since this substance is insoluble in water, either it was 


Il 
Action of Dimethylaminoazobenzene on Lipide Phosphorylation in Liver of Rats 
The rats were maintained for 7 days on a low protein, low fat diet (Diet 26). 


Liver lipides, averages 


Wa. of Sut ity Specific 
| P tof | 
dose injected | 100 Por coat 
8 Water (controls) 412 30 
7  Dimethylaminoazobenzene* 576 + 36 | 25 +7 
f 68207 | +17 | 101 + 2 +12 


See the explanations below Table I. 

* 60 mg. of the substance suspended in | cc. of water were given by stomach tube 
45 minutes before injecting the isotopic phosphate. 

tP < 0.05. 

t Dimethylaminoazobenzene was added to the diet (100 mg. per 100 gm. of diet). 
In addition, 60 mg. of the substances suspended in 1 cc. of water were given by stom- 
ach tube 5 minutes before injecting the isotopic phosphate. 


given as a water suspension in one dose (eight rats) or it was incorporated 
in the daily ration of the animals for a number of days and an additional 
dose, suspended in water, was administered immediately before the injec- 
tion of P® (five rats). It is apparent that in neither type of experiment 
were conditions exactly comparable with those under which all other com- 
pounds were tested, and that a slow absorption of the azo dye might well 
account for our failure to obtain more marked and consistent increases in 
the phosphorylation of liver lipides. 

Table III summarizes the results of experiments in which the action of 
the triethyl analogue of choline and that of choline itself on the phosphoryl- 
ation of the liver lipides have been compared. Since previous results had 
shown that the action of choline on lipide phosphorylation is enhanced by 
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the simultaneous administration of a large amount of fat, in some of these 
experiments, instead of Diet 26, a diet with a higher fat content was em- 
ployed. In the liver of the controls on the high fat diets, the specific 
activity of the lipide P was appreciably lower than in the corresponding 
animals on Diet 26. After administration of the test substances, the indi- 
vidual data exhibited a considerable spreading and overlapping with the 
controls. However, on both diets, the average values for the test animals 
are considerably higher than those found in the respective controls, some- 
what larger increases being obtained in the rats which were maintained on 
the high fat diet and which received the triethyl analogue. 


Taste III 


Comparison between Action of Triethylcholine and Choline on Lipide 
Phosphorylation in Liver of Rats on Low and High Fat Diets 


The rats were maintained for 7 days on the experimental diets. 


| Liver lipides, averages 
Radioactivity, | Specific activity 
cent of | | 
ei ee Per cent change | xX 100 Per cent change 
% (Low 8 Water | 91+ 5 
fat) trols) | | 
7 | Triethylcholine (639 + 440° (+25*) | 106 + 3 +16f (+17T) 
| 8 Choline 493 + 23, +8 (+11) | 105 + 3) +15f (+14?) 
23 (High 6 Water (con- 428 + 7 | 7+ 3 
fat) | trols) | 
6 Triethylcholine (607 + 49° (442%) | 90 + ll | +30 (+31) 
| Choline 568 + 22 +33t (+46t) 85+ (+31°) 
See the explanations below Table I. 
*P < 0.05. 
tP < 0.01. 


In Table IV are reported the results obtained on the lipides of the small 
intestine. The fact that somewhat higher values were observed after 
administration of those compounds which appeared to be most effective 
for the stimulation of lipide phosphorylation in the liver may be suggestive. 
Asa rule, however, in the intestine the differences between test and control 
animals were not statistically significant. In this respect we should like to 
point out again ((3) foot-note 5) that our determinations were carried out 
on the whole intestine and therefore included the lipides of the muscle as 
well as those of the mucosa. In the former tissue the rate of lipide phos- 
phorylation is slower, and possibly it is affected by the substances admin- 
istered less markedly than in the mucosa. One might, therefore, postulate 
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that more extensive changes would have been detected if the values had 
been estimated on the lipides of the isolated mucosa. 


Tasie lV 


Action of Various Compounds on Lipide Phosphorylation in Small Intestine of 
Rats 


The rats were maintained for 7 days on a low protein, low fat diet (Diet 26). 


Intestinal! lipides, averages 


Per cent of 

dove injected x 100 
20 | Water (controls) li4+ 9 544+ 2 
7  Diethanolamine 168 + 18 +2 (-3) 6123 +13 (49) 
5 = Triethanolamine 155 + 14 —-5 (+20) 5925 +9 (+16) 
5 Ethylethanolamine 199+ 20 (+36) 63243 +17* (415) 
5 = Diethylethanolamine 162 + 28 —~1(4+1l) 5824 +7 (+5) 
7  Ethylamine 164 + 17 O(+14) 68343 +17 (415) 
5  Methylamine 178 + 16 +9 (45) 57245 +6 (+48) 
5 Trimethylamine 159 + 12 -3 (-6) 523 +2 = (42) 
5 Ammonium chloride 161 + 13 -—2(-13) 523 +2 (-4) 
2 piL-Serine 129+ 2 —21 (-30) 4823 (-®) 
2 Inositol 133 + 9 —-7(-19) H25 0 (-8) 


Glutathione 1ll+10 -33(-23) 4422 -19 (-19) 


See the explanations below Table I. 
*P < 0.05. 


DISCUSSION 


In the present study, as in previous similar investigations on the lipide 
phosphorylation, the amount and concentration of P® in the lipides of 
control animals are compared with the values found in animals to which 
substance has been given. A significant increase in these values is taken 
as a qualitative indication for a stimulation of the lipide phosphorylation. 

The question may be raised whether more definite or more reliable con- 
clusions could be drawn if the radioactivity values were expressed as “rels- 
tive specific activities;” that is, as the ratios of the specific activity of the 


lipide P to the specific activity of the inorganic or acid-soluble phosphorus! — 


‘ These ratios do not express adequately the relationship between the isotopit 
concentrations in a compound and in its precursor. The specific activity of a com 
pound at any given time is dependent upon the values of the specific activity of the 
precursor during the whole time interval between the introduction of the isotope and 
the time at which the determinations are carried out. In other words, in a correc 
calculation, the area of the specific activity-time curve of the precursor, rather that 
the level reached at the end of the experiment, should be taken into account (@). 
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In some of our present experiments the specific activity of the inorganic 
phosphate has also been determined. Since, within the limits of error of 
our methods, identical values were obtained in the control and test animals, 
these findings may be considered in line with the reasonable assumption 
that the substance administered did not modify substantially the dis- 
tribution and the exchanges of the isotope in the inorganic P fraction. In 
other experiments, carried out in this laboratory as part of a separate 
study, simultaneous determinations on the inorganic and lipide fractions 
were also made on the livers of rats killed at various intervals after the 
ingestion of P*. In these determinations, the average specific activity of 
the lipide P exhibited a standard deviation of 13 per cent at the 3rd hour 
and 14 per cent at the 6th hour, while the corresponding standard devi- 
ations of the average relative specific activity were Lo and percent. The 
analysis of some of the data reported by Zilversmit et al. in their study on 
the formation of phospholipides in the intestine (59) is even more informa- 
tive. 15 minutes after the introduction of P® in both fat-fed and control 
rats, the specific activity of the phospholipide P showed a very great vari- 
ability, while the individual variations were much less extensive when the 
values were expressed as relative specific activities. In the 1 hour experi- 
ments, the standard deviations of the mean specific activity of the lipide P 
were 36 per cent (fat-fed animals) and 27 per cent (controls), as compared 
with standard deviations of 24 and 19 per cent for the relative specific 
activities. However, in the rats killed 6 hours after the P® was admin- 
istered, the standard deviations of the averages were 11 per cent (fat-fed) 
and 6 per cent (controls) for the specific activity of the lipide P, while the 
corresponding values for the relative specific activity were 16 and 8 per 
cent, respectively. It seems that the use of relative specific activities is 
definitely advantageous in experiments made at the earlier times after the 
introduction of isotope, when the specific activity of the inorganic P is 


This point seems especially important when considerable and rapid changes in the 
specific activity of the precursor take place, as after the administration of P*. It 
should be noted also that neither the site of the synthesis of phospholipides nor the 
identity of their precursors is known. On the assumption that the immediate pre- 
cursor is formed very rapidly from the inorganic phosphate in the cell, the specific 
activity of the intracellular phosphate would represent a reliable basis for the cal- 
culation of the “‘relative specific activity.”” However, the inorganic phosphate, as 
determined usually in a tissue, includes both extra- and intracellular phosphate. 
Because of the difficulty in determining separately the latter fraction, it has been 
suggested that the total acid-soluble P be used (59). This suggestion is question- 
able, since the acid-soluble P represents a quite heterogeneous mixture of a large 
number of compounds, presumably formed at various rates. The hypothetical 
phospholipide precursor is probably included in this fraction, but, since it may 
represent only a minor component, its specific activity could be very different from 
that of the whole mixture (4). 
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decreasing rapidly and the réle of other factors (such as variations in the 
rates of absorption of the isotope from the site of injection and of its pene. 
tration into the cells) may be considerable. In the longer intervals, the 
importance of these factors probably becomes less marked and one might 
expect that the extent of the individual variations in the specific activity 
of the lipide P would not be appreciably lowered by expressing the values as 
relative specific activities. 

If the above considerations are correct, the present results, in conjune. 
tion with those previously obtained in this laboratory (2), show that 
ethanolamine, the two analogues and the four alkyl derivatives of ethanol. 
amine which we have tested, and, in addition, choline and its triethyl 
analogue, stimulate the lipide phosphorylation in the liver (some possibly 
also in the intestine). These compounds are all active, irrespective of the 
nitrogen present as a primary, secondary, or tertiary amine or as quaternary 
ammonium. Furthermore, the activity remains the same if ethyl groups 
are substituted for the methy! groups linked to the nitrogen. It appears 
that the presence of an alcoholic hydroxy group is important, since NHC 
and the various simple amines tested, with the exception of ethylamine, 
showed less activity or no activity. 


It is also of interest to compare the action of various substances on | 


lipide phosphorylation with other biological actions exerted by the same 
compounds. Such a comparison has been made in Table V, which ampii- 
fies a similar table presented by Moyer and du Vigneaud (36). — It will be 
noted that the stimulation of the formation of phospholipides in the liver 
has a much lower degree of specificity than the other actions studied, in- 
cluding the lipotropic action. This further confirms a statement previously 
made on the basis of the results obtained after administration of ethanol- 
amine and of its products of partial methylation (2). It was then pointed 
out that, while all substances with a definite lipotropic action have been 
shown to cause an increase in lipide phosphorylation, the latter effect is 
exhibited also by compounds which are not clearly lipotropic. 

At present a discussion on the mechanisms through which the various 


substances enhance the formation of phospholipides in the liver can only be | 


highly speculative. It is likely that choline and ethanolamine are acting 
because they are primarily used as intact molecules for the synthesis d 
the two main types of phospholipides. Other compounds may be effective 
by contributing to the synthesis of choline, either as methyl donors, such | 
as methionine or betaine, or as methyl acceptors. In the last category. 


ethanolamine will also be included and, in addition, methyl- and dimethy! | 


ethanolamine. The finding of little or no stimulation by methylamine 
trimethylamine, and sarcosine would be in line with the concept that the 
methy! groups of these compounds are not easily transferable in the orgat- 
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ism. Serine and inositol are also constituents of certain phospholipide 
fractions. Since, however, these fractions represent only a small proportion 
of the total phospholipides of the liver, an increased formation of these 
fractions after administration of serine or inositol would not be easily 
detected when the determinations are carried out on the total phospholipide 
mixtures. As for the other substances which we found to be effective and 
which are not components of natural phospholipides, the possibility that 
ethylamine might be partly converted into ethanolamine should perhaps 
be considered.? Other substances can probably be used directly or in- 
directly for the formation of phospholipides, analogues of those normally 
present in tissues. Indeed, in the tissues of animals fed analogues of 
choline, such as arsenocholine (56) or triethylcholine (35), the presence of 
these unnatural components has been demonstrated. We have some in- 
direct evidence that diethanolamine can likewise be incorporated into a 
phospholipide molecule.2 On the other hand, it is obvious that a more 
indirect mechanism (such as a general increase of the metabolism (20)) 
should be postulated for the stimulation of lipide phosphorylation exerted 
by cystine and cysteine. 

Finally, it should be pointed out that in the present and previous experi- 


?Such a process would require a partial oxidation of the unsubstituted alkyl 
group without detachment of the amino group from the other carbon. Numerous 
examples of the biological oxidation of methy! groups have been reported. Besides 
the evidence for the oxidation of a methyl attached to an 8 atom (as in methionine 
(33)), or to an N atom (as in sarcosine (23) and in other methyl amino acids (32)), 
or to an aromatic C (as in toluene and in various methyl-substituted benzenes and 
phenols (58)), the well known observations on the w oxidation of fatty acids (50) and 
of straight chain or cyclic terpenes and terpene derivatives (31) can be mentioned. 
In the examples last mentioned it is probable that the oxidation of the methyl to 
the carboxyl group occurs through the intermediate formation of the primary al- 
cohol. As was pointed out by Kihn et al. (31), while in the oxidation of fatty acids 
and straight chain terpenes this stage cannot be detected, in the metabolism of 
eyelic terpenes the aleohol conjugates with glucuronic acid and thus can be isolated. 
It is apparent that the oxidation of the alkyl group (or at least the possibility of 
detecting this process) is dependent upon the greater resistance to oxidation of 
other groups in the molecule. This is perhaps best illustrated by the formation of 
muconic acid from sorbic acid. While only minute amounts of muconic acid are 
excreted when the free sorbic acid is fed to rabbits, the yield of the corresponding 
muconic acid derivatives is 300 to 400 times greater after feeding the amide, or the 
methylamide, or the anilide of sorbic acid (31). If and to what extent these exam- 
ples and these views apply to the specific case of the oxidation of ethylamine is, of 
course, a matter of speculation. However, it may be pointed out in this respect 
that, while higher aliphatic amines and aromatic alkylamines are actively oxidized 
and deaminated by tissue slices and extracts, under the same conditions ethylamine 
(as well as propy!- or methylamine) causes very little or no increase in the oxygen 
consumption and in the production of ammonia (43, 9). 

*Artom, C., Cornatzer, W. E., and Crowder, M., unpublished experiments. 


ol- 
yl 
he 
ry 
ps 
ars 
ne, | 
on 
me 
be 
in- | 
sly 
ted 
t is 
> he 
ing 
3 ol 
ive 
uch 
ory, 
ine, 
the 


| 
(1g) + (Iz) — (Ob) — 
(+1 ‘9) (Ob) 
(62) + (6% * (1) - (g¢) + + AY 
(9%) (9%) (49) + + (6%) + + OULUOTY 
(St) + - joysouy-s 
(96) + (¢) (OF) 
‘¢) — (OF) — Plow 
| (IZ) (IZ) (p> 
(9%) (9%) — (ze) Ob) + | OF) + (s) — | + | IG 
+ (gz) + (11 ‘e¢) (eg) + | + + (2) + | [OUBY 
(Ol) ¥ (Ol) (|) + AY 
(61) (ct) (sg) + 
(9%) — (9%) ¥ (Ig) — | | | 
(sz) + (Sz) (ob + (21) + + | (8 ‘se) + | 
(oe) — ‘ze) + + (9h) — (IZ) + (8) + + | 
‘9) — — | prow 
(9) — (Oh) — | 
40 


oy} 04 ul ey] 
spunodwo) snoran 4 fo suorry poorbozorg puv aprdy] fo uaanjeg wo) 
A wlavy 


| 
| 
| 
| 
| 
| 
| 
| 
| 


— 


(7g) 
(zo) — 


+ 


‘soded ut poqueseid aouapraq |! 
sv posojsiurupy ft 


ydaoxa) sanbiayoe, odoyosy] , 


| ourpoyo L 


| | auuney 


te 

N 

i + 
ow 

785 


786 STRUCTURE AND LIPIDE PHOSPHORYLATION 


ments on the stimulation of lipide phosphorylation the results have been 
generally obtained after administration of a single large dose of the sub. 
stances to animals maintained on experimental diets which were deficient 
in choline, possibly also in ethanolamine precursors. An extension of the 
conclusions drawn from the present results to other experimental conditions 
(e.g., the use of more adequate diets or feeding the compounds over a pro. 
longed period) would be quite arbitrary. 


SUMMARY 


A number of compounds were tested for their ability to stimulate lipide 
phosphorylation in the liver and intestine of rats on low protein diets, 
Significant increases in the rate of formation of liver phospholipides were 
obtained after administration of a single large dose of the following: 
diethanolamine, triethanolamine, ethylethanolamine, diethylethanolamine, 
triethylcholine, and ethylamine. These results are compared with those 
obtained previously after administration, under similar conditions, of 
choline, ethanolamine, methylethanolamine, and dimethylethanolamine. 
It appears that the stimulating action of lipide phosphorylation in the liver 
has a lower degree of structural specificity than other biological actions 
exerted by the same substances. 
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THE VITAMIN Bs GROUP 


XVI. p-ALANINE AND THE VITAMIN B, CONTENT OF 
MICROORGANISMS* 


By JOSEPH T. HOLDEN, CAROLYN FURMAN, anp ESMOND E, SNELL 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, November 15, 1948) 


p-Alanine serves as the nutritional equivalent of vitamin Bg for Strepto- 
coccus faecalis R and Lactobacillus casei in appropriate media (2,3), whereas 
t-alanine is either ineffective or only slightly so under the same condi- 
tions. The mechanism by which this “unnatural’’ amino acid exerts its 
growth-promoting effects is not known. ‘The suggestion (4) that it serves 
as a precursor from which these organisms synthesize vitamin Bg is not 
supported by the findings that Streptococcus faecalis fails to form detect- 
able amounts of codecarboxylase (pyridoxal phosphate) or cotrans- 
aminase (pyridoxal phosphate) when grown with p.L-alanine in place of 
vitamin Bg (5, 6). 

As one approach to elucidation of the action of p-alanine, direct assays 
were made for the vitamin B, content of a variety of microorganisms grown 
in the presence and absence of p-alanine or of vitamin Bs. The results 
of these studies are presented below. 


EXPERIMENTAL 


Preparation of Dried Cells—The various organisms, cultural conditions, 
and references to media used are listed in Table I. All media were pre- 
pared initially free of vitamin Bs. Where possible, each organism was 
then cultured in four modifications of the indicated medium: (a) the 
basal medium, free of vitamin Bg;' (b) this medium supplemented with pL- 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from Parke, Davis and Company, 
and from the Research Committee of the Graduate School from funds provided by 
the Wisconsin Alumni Research Foundation. For the preceding paper of this series 
see Rabinowitz and Snell (1). 

‘Occasionally, Streptococcus faecalis or Lactobacillus casei, which require either 
vitamin B, or b-alanine for growth, would show very slight growth in this medium, 
indicating presence of contaminating traces of vitamin Bs. In such cases, these 
traces of the vitamin were removed by a pretreatment procedure exactly similar to 
that previously employed to remove essential trace elements from bacterial media 
(8), before supplementation of the medium with pi-alanine. Thus cells of these 
two organisms grown in the presence of p-alanine were obtained in a medium which 
contained insufficient vitamin By to permit any visible growth in the absence of this 
b-amino acid. Indicated lots of Lactobacillus arabinosus also were grown in a me- 
dium rigorously freed of vitamin By by pretreatment with Streptococcus faecalis. 
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alanine (200 mg. per liter); (c) this medium supplemented with a low 
level of pyridoxal (0.001 mg. per liter); and (¢) this medium supplemented 
with excess pyridoxal (1 mg. per liter). Pyridoxal was added aseptically 
following sterilization of the medium. For bacteria, 2 liters of each cul. 


Taste I 
Conditions for Culture of Various Organisms and Yields of Dry Cells from Variously 
Supplemented Basal Media* 


Supplements per liter of vitamin 
| Be-free medium 


Biblio- 
Incuba- pt-Alanine | Prt 
| medium None | 200 me. | 1.0 mg 
| used | 
Dry cell yields, gm. per liter 
| | °C. | hes. 
Lactobacillus arabinosus 1 | (7) 30) 0.54 0.54 0.59) 0.63 
2 | (7) | 37 22) 0.59¢ 0.77¢ 1.5 | 1.0 
casei..... 1 | (8) | 0.63¢ 0.32 0.64 
2 | () 1.54¢ 0.36 0.84 
Streptococcus faecalis (9) 37 0.41¢ O.84t 
2 | (9) 16/0 0.43¢ 0.90 
3 | (9) | 37|  0.62¢ 0.99% 
Escherichia coli........... (10) | 87, 48) 0.21 | 0.35 0.273 
Saccharomyces carlsbergensis.... (11) 30 120! 0 0 3.4 14 
| 2 | (1) | 30/120] 0 0 6.1 18 
Agpergillus niger..... 1 2 | (12)$| 90 '240'3.5 6.9 | 4.8 | 
| (12)§ 30 120/28 4.6 4.3 
Penicillium notatum.......... 1 | 614.2 | 3.8 


* Inocula were prepared by growing the bacteria in 10 ml. of the indicated vita 
min B,-free medium, supplemented with pi-alanine. Cells were then centrifuged, 
washed twice in saline, resuspended in 10 ml. of saline. 2 ml. of this suspension were 
used to inoculate each liter of medium. Yeast and molds were grown on 10 ml. malt- 
agar slants; cells or spores were washed from these with sterile saline, centrifuged, 
and washed as above, resuspended, and 2 ml. of the resulting suspension used to 
inoculate each liter of medium. 

t Cells were grown in pretreated medium. 

t Pyridoxamine in place of pyridoxal at the same level. 

§ TIC], omitted. 


ture medium yielded sufficient cells for analysis. 
ium sufficed with yeasts and molds. 
shaken during incubation; the bacterial cultures were not. 


Bacterial and yeast cells were harvested by running cell suspensions — 


through a Sharples centrifuge either immediately following incubation 
or after storage overnight at 5°. The cells were washed by twice suspend- 
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ing in 40 ml. of cool saline, shaking vigorously, and centrifuging. The 
saline from the second washing was removed, and the cells frozen by im- 
mersing in an acetone-dry ice mixture. They were then dried in vacuo 
from the frozen state. Mold mycelia were filtered from the medium, 
washed, and similarly dried. 


Taste II 
Vitamin Bs Content of Dried Cell Preparations 


Additions per liter of vitamin Be-free medium 


Organism ‘iment Nos) None | 
_ Vitamin Bs content, y per gm. of dry cellst 
2 | out | 0.08 | 0.10 52 
casei... | 0.0623 | 2.3 21 
2 | 0.040$ | 1.3 21 
0.018t 0.23 
| 2 | Cs: 14 
9.6 | 12 6.1 
13 
Penicillium notatum. l 4.5 
*See Table I. 


t Expressed as pyridoxal hydrochloride. Failure to report analyses in the 3rd 
and 4th columns means that the organisms did not grow in those media (cf. Table I). 

{Cells grown in pretreated medium. 

§ Grown with pyridoxamine in place of pyridoxal at same level. 


Assay of Cells—Vitamin Bs was determined with Saccharomyces carlsber- 
gensis 4228 by a slight modification (13, 14) of the method of Atkin et al. 
(11). This organism responds to all three of the known forms of vitamin 
By. Extracts for analysis were prepared as described by Rabinowitz and 
Snell (13). A few samples, however, contained unusually small amounts 
of vitamin Bg, necessitating the use of a higher ratio of cells to extracting 
liquid than originally recommended. In such cases, the volume of 0.055 
N HCl was lowered from 180 to 45 ml. per 100 to 250 mg. of sample. 


Results 


Values found for vitamin Bs are given in Table Il. The amount of the 
vitamin found in cells of lactic acid bacteria varied from very low levels 
(<0.1 y per gm.) in cells grown in vitamin Be-free media to very 
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high amounts (up to 50 y per gm.) in cells from media generously supple. 
mented with the vitamin. This was true both of organisms such as 
Lactobacillus arabinosus, which grow in the absence of both p-alanine and 
vitamin Bs, and of organisms such as Lactobacillus casei or Streptococcus 
faecalis, which grow only when vitamin Bg or p-alanine is supplied. Ip 
contrast to the lactic acid bacteria, cells of Escherichia coli and A spergil- 
lus niger are high in vitamin Bz even when grown in a medium free of this 
vitamin. 

Cells of Streptococcus faecalis and Lactobacillus casei grown with 
p-alanine in place of vitamin Bs appear to contain very minute amounts 
of vitamin B, (0.06 y per gm. or less). The accuracy of figures of this 
magnitude is in doubt for the following reasons: (a) quantitative extrac- 
tion of the vitamin was not assured, since to obtain amounts of the vita- 
min sufficient for detection in the assay it was necessary to extract large 
amounts of cells with a comparatively small volume of acid (e.g., 2000 mg. 
of cells with 45 ml. of acid); (6) to obtain amounts of the vitamin sufficient 
for assay, very large amounts of the extract had to be added to the assay 


tubes, and under such conditions the growth stimulation observed may | 


not have been due solely or even principally to vitamin Bg present in the 
extracts; (c) to avoid non-specific stimulation of the type mentioned above 
the assay values were calculated for the most part from a narrow seg- 
ment of the standard curve near the origin. Despite this precaution, 
some upward drifts in the assay values at increasing levels of sample were 
evident, a phenomenon indicative of non-specificity in the assay. 


Thus the actual level of vitamin Bz present in these lots of cells is in 


doubt. Factor (a) would favor underestimation of this quantity, factor 
(c) overestimation. It is certain, however, that the amount present is ex- 
tremely small, a finding which lends no support to the idea that p-alanine 


is serving as a natural precursor for synthesis of the vitamin by these or- — 
ganisms. Furthermore, it is not certain whether these small amounts of | 


vitamin B, arise by cellular synthesis or whether they are obtained from 
the “vitamin B,-free’’ medium. This point is illustrated by comparing 
the amount of vitamin B, necessary to produce barely visible growth in the 
basal media used to the total amount of vitamin Bz found in the cells 
derived from these media in the presence of pi-alanine (Table III). In 


some cases, these amounts of vitamin B, could have been present in | liter — 


of medium without permitting visible growth to take place. Absence of 


visible growth in the unsupplemented medium, however, was the criterion — 


used to indicate that the medium was free of the vitamin. Thus the 


methods used, in addition to being of inadequate accuracy at this range — 


of concentration, are not sensitive enough to differentiate between syt- 
thesized and absorbed vitamin By. With Lactobacillus casei, however, 
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it is unlikely that the amount of vitamin Bg found in the cells could have 
been present in the pretreated medium without being detected. In this 
case, limited synthesis of the vitamin is indicated, but the questionable 
accuracy of the assay values obtained at these low concentrations, dis- 
cussed above, prevents a definite decision on this point. 


III 
Vitamin B, Content of Two Organisms Grown on Media Supplemented with 
bL-Alanine 
Vitamin B | Tou, | f mount 
En De Yield of vi in pyri 
Organism t No. content of eels | in cells | necessary to 
per gm. gm. per | Y | per |. 
Streptococcus faecalis... 0.023 0.41 0.009 
2 | 0.018 | 0.43 | 0.008 | 0.10 
3 0.030 0.62 40.019 
Lactobacillus casei. 1 0.062 | 0.63 | 0.089 
2 0.040 1.54 0.062 | 
TaBLe IV 


Comparative Vitamin By, Content of Cells of Saccharomyces carlsbergensis Grown in 
Presence of Pyridozal, Pyridozamine, or Pyridozine 


| Vitamin Be content of 
Yield of dry cells cells* 


0.004 mg. pyridoxal | 2.5 
1 mg. pyridoxal. . | 14 | 


* Expressed as pyridoxal hydrochloride. 


With most organisms tested which synthesize large amounts of vitamin 
B, there was no evidence of enhanced synthesis in the presence of pL-alan- 
ine. Aspergillus niger, however, did contain increased amounts of vita- 
= B, in its cells when grown in the presence of this amino acid (Table 

In two experiments (Table IV), the vitamin Bz content of yeast grown 
in the presence of an excess of the three different forms of vitamin Bg was 
compared. The amount of vitamin Bg in this organism was consistently 
greatest when the organism was grown with pyridoxine, and least with 
pyridoxamine. When growth of this organism was initiated by the addi- 


Additions per liter of medium 

Experiment Experiment Experiment Experiment 
2 2 

gm. per |. gm. perl. per gm. per gm. 
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tion to the medium of a small amount of vitamin Be (0.004 mg. per liter), 
it was observed that the vitamin Bg, present in cells from 1 liter of medium 
surpassed the amount added by about 4-fold. This observation indicates 
that, on prolonged incubation in the presence of suboptimal quantities of 
Vitamin Bs, growing cells of Saccharomyces carlsbergensis synthesize 
limited amounts of this vitamin. This observation is similar to those of 
Lindegren and Raut (15), who showed that veast cells grown with limited 
amounts of pantothenate synthesize more of this vitamin, but do not grow 
in its absence. Leonian and Lillv (16) also have pointed out the ease 
with which yeast can be induced to synthesize its own supply of vitamins 
when incubated for prolonged time intervals. 


DISCUSSION 


Quantitative results obtained above for the vitamin Bs, content of lactic 
acid bacteria correlate well with the qualitative results of previous studies, 
Thus Bohonos, Hutchings, and Peterson (17) have shown that Lactobacil- 
lus arabinosus synthesizes vitamin B. when grown in the absence of an ex- 
ternal supply of this vitamin. In this case, vitamin Be appeared in the 
growth medium as well as in the cells. In one case (Lactobacillus caset), 
evidence was cited which indicated that, when this organism was grown 
in the presence of an excess of vitamin Be, it stored the vitamin in excess 
of the amounts which it required for growth. Various enzymatic studies 
are also in good agreement with our data. Thus Bellamy and Gunsalus 
found that to produce cells of Streptococcus faecalis with high tyrosine 
decarboxylase activity (an enzyme requiring pyridoxal phosphate for ac- 
tivity) it was necessary to grow them in a medium which contained much 
larger amounts of vitamin B, than were required for maximum growth, 
and suggested that this was a case of “luxury consumption” of the vita- 
min to produce cells with optimal functional capacity (18). From our 
data, it is seen that cells of this organism are much higher in vitamin B; 
when grown with high levels of this vitamin (1 mg. per liter) than when 
grown with much lower levels (0.001 mg. per liter), which are stil 
sufficient to permit good growth. Similarly, Cohen and Lichstein (19 
found that cells of this organism grown in the presence of only small 
amounts of vitamin Bs were unable to decarboxylate tyrosine, but re 
tained unimpaired the capacity to carry out the transamination reaction. 
However, when the organism was grown in the complete absence of vita 
min Bs with pi-alanine present to permit growth, they were also unable 


to catalyze the transamination reaction (6), and this capacity could be re, 
stored to the cells by addition of pyridoxal. Our data show that cells of — 


this organism grown with limiting amounts of vitamin Bg, (0.001 mg. per 
liter) contain readily measurable amounts of the vitamin; when grown 
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with pt-alanine, however, the amounts of the vitamin present are disap- 
pearingly small. 

It may be asked whether cells of Streptococcus faecalis and Lactobacillus 
casei grown With pb-alanine require any vitamin Bg for growth and meta- 
bolic activity. This question cannot be decided from the present data. 
Assay of such cells indicates the presence of traces of vitamin Bg, but limi- 
tations of the assay method are such that both the accuracy of the figures 
and the origin of the small amounts of vitamin Beg indicated (i.e. synthesis 
by the cells, or absorption from the medium?) are unknown. The pos- 
sible significance to the organism of these quantities of the vitamin can- 
not, however, be discounted on the basis of their small magnitude alone. 
It is known that the magnitude of the requirement for this vitamin is 
highly variable, depending upon the composition of the medium (2, 4, 20, 
21), and the small amounts indicated as present in these cells might well 
be sufficient to fill the greatly reduced metabolic needs, if any, of the or- 
ganism when it is grown in the presence of D-alanine. 

It is clear, however, that D-alanine, in permitting growth of Streptococcus 
faecalis and of Lactobacillus casei in the absence of vitamin Bg, does not fune- 
tion primarily as a precursor from which vitamin Bg can be synthesized.? 
Rather, presence of this ‘“‘unnatural”’ amino acid greatly reduces (and pos- 
sibly eliminates) the metabolic requirement for the vitamin in the media 
used. An alternative explanation for its action would be to consider it 
as an essential amino acid for these cells, for synthesis of which vitamin 
B, is essential. When p-alanine is supplied preformed, the requirement 
for the vitamin would then be greatly reduced. 

Finally, it should be emphasized that vitamin Bg, and p-alanine are 
mutually replaceable nutrients for Streptococcus faecalis and Lactobacillus 
casei Only in media of suitably complex nature, such as those used in this 
investigation. Lyman et al. (21) and Speck and Pitt (20) have shown 
that increased amounts of vitamin Bg are required for growth of these or- 
ganisms in the absence of a variety of amino acids which are dispensable 
when the vitamin is present in excess; t.e., the vitamin is essential for syn- 
thesis by the organisms of a number of L-amino acids. If any such amino 
acids are omitted from the basal media used, then p-alanine will not per- 
mit growth in the absence of vitamin Bs.2 This constitutes additional 
evidence that p-alanine does not permit synthesis of vitamin Beg, but is 


*The possibility that alanine may serve as a precursor for synthesis of vitamin 
B, is not entirely eliminated by these experiments, since the small amounts of vita- 
min By indicated by assay as present in these cells may have arisen by synthesis. 
In this connection, the chemical synthesis of pyridoxine starting from alanine (22) 
is of interest. 

* Broquist, H. P., and Snell, E. E., unpublished data. 
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consistent rather with the hypothesis that in otherwise complete medig 
p-alanine replaces vitamin Bs by supplying an essential product for syn- 
thesis of which vitamin Bs is normally required. Evidence that this js 
the true explanation for the action of p-alanine will be presented in the 
following paper of this series (23). 


SUMMARY 


Cells of lactic acid bacteria and some other organisms were grown in de- 
fined media variously supplemented with pL-alanine or with vitamin By. 
The vitamin Bz content of the cells obtained was then determined. With 
lactic acid bacteria, the amount of vitamin Bs present in the cell was mark- 
edly dependent upon the amount present in the medium. Cells grown 
with excess of the vitamin contained relatively large amounts of the vita- 
min; cells grown with amounts of the vitamin which limited growth con- 
tained much smaller, but very significant amounts of the vitamin. Some 
of these organisms grow in a vitamin Bg-free medium when either vita- 
min Bs, or b-alanine is supplied. When such organisms were grown with 
p-alanine in place of vitamin Bs, they contained scarcely detectable 
amounts of the vitamin; amounts much smaller than were present when 
the cells were grown with limiting quantities of vitamin Bs. The pri- 
mary role of p-alanine in promoting growth of these organisms cannot, 
therefore, be as a precursor for synthesis of vitamin Bg. 

Some organisms examined synthesized relatively large amounts of vit- 
amin B, even though the growth medium contained none of the vitamin. 
The amounts of the vitamin synthesized by these organisms was not gen- 
erally increased by inclusion of p-alanine in the growth medium. 

Saccharomyces carlsbergensis 4228, which requires vitamin Bg for rapid 
growth, synthesizes some of this vitamin when grown in the presence of 
amounts which limit growth. The amount of vitamin Bg present in cells 
of this organism was greatest when it was grown with an excess of pyn- 
doxine, somewhat less when pyridoxal was used, and least when pyridox- 
amine was the form of the vitamin present. 

The significance of these results is discussed briefly. 
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XVII. THE RELATION OF »p-ALANINE AND VITAMIN By, TO GROWTH 
OF LACTIC ACID BACTERIA* 


By JOSEPH T. HOLDEN anv ESMOND E. SNELL 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, November 15, 1948) 


Although Streptococcus faecalis and Lactobacillus caset ordinarily require 
vitamin B, for growth, they can be grown in the absence of this vitamin 
if pL-alanine is added to appropriately complete media (2, 3). p-Alanine 
was shown to be the active component of the pL mixture (3). In at- 
tempting to explain the nutritional equivalence of vitamin Bs and p-ala- 
nine for these organisms, the possibility that p-alanine might serve as a pre- 
cursor for synthesis of vitamin Bg was suggested (2). This hypothesis 
does not suffice to explain several recent findings, which may be summa- 
rized as follows: (a) Cells of S. faecalis grown with pL-alanine replacing 
vitamin Bs do not produce detectable amounts of codecarboxylase (4) or 
cotransaminase (5), 7.e. pyridoxal phosphate, although the corresponding 
apoenzymes are produced. (6) Direct assay of cells of S. faecalis or L. 
casei grown with pt-alanine showed only traces of vitamin Bg, to be 
present, in contrast to the much larger amounts of the vitamin present in 
cells grown with minimal quantities of vitamin Bs and in the absence of 
p-alanine (1). (c) The amount of vitamin Bg synthesized by a variety of 
other microorganisms was not increased by culturing them in the presence 
of pL-alanine (1). (d) Finally, as emphasized in the preceding paper (1), 
p-alanine replaces vitamin B, for these organisms only in comparatively 
complete media, which contain amino acids and (for L. caset) an unidenti- 
fied substance (3) which are not essential for growth when vitamin Bg is 
present at high levels. p-Alanine is thus not « complete substitute for 
vitamin Bg under all conditions of growth, but only under specific condi- 
tions defined in this and preceding papers (1-3). 

An alternate explanation for the nutritional equivalence of vitamin Be 
and p-alanine in certain media would be to assume that p-alanine was it- 
self essential for growth, and that vitamin B, was required for its synthe- 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from Parke, Davis and Company, 
Detroit. We are indebted to Mr. W. G. McCullough for help with experiments 
involving paper chromatography, and to Dr. David Doherty for samples of p- and 
L-alanine. For the preceding paper of this series, see (1). 
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sis. In an otherwise complete medium, if p-alanine were supplied pre. 
formed, vitamin B, would no longer be required for growth, or would be 
required only in much smaller amounts. Data reported below demon. 
strate that p-alanine is present both in cells grown on media containing 
pL-alanine in the absence of vitamin B, and in media containing vitamin 
B. but no p-alanine. It appears then that p-alanine is necessary 
for growth of the cells, and that it can be synthesized when vitamin Bh is 
present in the medium, but apparently not in its absence. In the latter 
case, growth can proceed if D-alanine is supplied preformed to the cells. 


I 


Conditions for Culture of Various Organisms and Yields of Dry Cells from 
Variously Supplemented Basal Media 


Supplements per liter of basa! 
medium 
gra | DL- yri- 
Organism reference | Incubation None — 
medium mg. mg. 
| Dry cell per liter 
hrs. 
Lactobacillus arabinosus 17-5... (7) 30 24 0.34 0.68 0.58 0.79 
Leuconostoc mesenteroides 9135. (7)* 26 0.27) 0.35 0.34 
Streptococcus faecalis R.... (8) 30 2 #0 0.41 0.53 0.% 
Lactobacillus casei... ; (7) 37 23 O 0.68 0.54 


* 10 mg. of hypoxanthine added per liter of basal medium. 


EXPERIMENTAL 


Cell Preparations—The methods used for growing sufficient cells for 
assay have been described in the preceding report (1). Additional or- 
ganisms used in this investigation and several additional lots of Strepto- 
coccus faecalis and Lactobacillus casei were grown in the same manner. 
Cultural details not described previously are given in Table I. Cells were 
dried either by lyophilization of aqueous suspensions or by the alcohol- 
ether procedure described by Camien et al. (6). 

Assay Procedures—Previous work (3) showed that, in the presence of a 
sufficient amount of an enzymatic casein digest, Lactobacillus casei grew 
when either vitamin B, (pyridoxal) or p-alanine was added to the medium. 
t-Alanine and pyruvic acid were essentially inactive. In the absence of 
the enzymatic digest of casein, or in the presence of only limited amounts, 
p-alanine was ineffective in promoting growth, although vitamin Bg was 
still effective. On the basis of these findings and many exploratory as 
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says, two media have been devised, in one of which (Medium I, Table 
II) growth of Lactobacillus casei resulted when samples containing either 
vitamin B, or D-alanine were added, but in the other of which (Medium 
II, Table II) only vitamin Bs permitted growth. By appropriately treat- 
ing samples to remove completely the vitamin Be, the p-alanine content 


Taste II 
_ Composition ¢ of | Basal Media 
| Amount per 100 ml. double aerate 
Medium 1 Medium Il 
me mo. 
Tryptic casein digest. . | 2000 20 
Acid- casein....... 1000 1500 
Asparagine. . | 20 | 20 
oi-Tryptophan. 20 | 20 
L-Cystine 40 | 40 
pL-Alanine | | 40 
Dextrose......... .| 2000 | 2000 
Sodium acetate* | 1200 2400 
100 | 100 
| 100 
RR, | 2 | 2 
FeSO,-:7H;0... 2 | 2 
MnSO,-H,;0. .. | 2 | 2 
Y 

Riboflavin................. | 80 80 
Thiamine hydrochloride... .. | 40 40 
Calcium 80 80 
Niacin.. és 80 | 80 
prAminobenzoic acid. 40 | 40 
Folic acid. 2 | : 
Biotin... 0.4 | 0.4 
Pyridoxal hydrochloride 0.002 


® The amount of sodium acetate indicated i is in a addition to that furnished by the 
tryptic digest of casein. When prepared as recommended (9), the equivalent of 
1000 mg. of casein supplies about 930 mg. of sodium acetate. 


could be measured in Medium I, whereas Medium II served as a check to 
insure that vitamin B, had been completely removed and was thus not 
contributing to the response observed in Medium I. The growth 
response to p-alanine in Medium I was more suitable for assay work when 
small, suboptimal, amounts of pyridoxal were added to this medium, as 
indicated in Table II. The assay procedures used with these media were 
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similar to those customarily employed in the microbiological determina. | to es 
tion of vitamins and amino acids. Samples and water to make 5 ml. were pent 
autoclaved at 15 pounds pressure for 10 minutes in aluminum-capped Py. | tive 
rex test-tubes. The basal medium was autoclaved separately; when cool, the s 
it was inoculated and dispensed to the assay tubes, 5 ml. per tube. The the 1 
pyridoxal included in Medium I was added with the inoculum to the pre. Pr 
viously autoclaved medium. The inoculum culture was grown for 24 steps 
hours in Medium I, supplemented with 2 mg. per 10 ml. of DL-alanine. form 
washed once in saline, resuspended to one-half its original volume, and the f 


added in the amount of 1 drop for every 5 ml. of basal medium. Assays 
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MILLIGRAMS OF ALANINE 
Fic. 1. The response of Lactobacillus casei to pyridoxal and to p- and L-alanine | 


in Medium I, designed for assay of b-alanine. | Fic 

were incubated for 40 to 45 hours at 37°. The growth response to various _ 
addenda was estimated turbidimetrically with the Evelyn photoelectric | ml. o 
colorimeter and the 660 may filter. 
The comparative growth responses of Lactobacillus casei to pyridoxal and ——_—_opene 
isomers of alanine in the two media are shown in Figs. | and 2. As indi- —_ potas 
cated above, neither isomer of alanine shows growth-promoting activity 20 ml 
in Medium II. p-Alanine is highly effective in promoting growth m | Th 
Medium I, whereas t-alanine is ineffective. Pyridoxal is effective in both filter 


media. When failure to promote growth in Medium II showed samples active 
to be suitably free of vitamin Be, the p-alanine content of samples was cal- ing ki 
culated from the growth response in Medium I. pt-Alanine was used coal r 
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to establish the standard curve in the latter medium. Separate experi- 
ments confirmed previous observations (3) that p-alanine was twice as ac- 
tive on the weight basis as pL-alanine in promoting growth, showing that 
the simultaneous. presence of the L isomer neither enhances nor decreases 
the response to p-alanine under these conditions. 

Preparation of Samples—To prepare samples for assay of D-alanine, two 
steps were essential: (a) conversion of any D-alanine present to the free 
form and (b) removal of vitamin Bs, which interferes in the assay. For 
the first purpose, 100 mg. samples of dried cells (or other samples) and 2 
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MILLIGRAMS OF DL -ALANINE 
Fic. 2. The response of Lactobacillus casei to pL-alanine and pyridoxal in Medium 
II, designed to measure completeness of removal of vitamin Be. 


ml. of 3 N hydrochloric acid were sealed in test-tubes, then autoclaved at 
20 pounds pressure for 12 to 15 hours. After cooling, the tubes were 
opened, the hydrolyzed content washed out, the pH adjusted to 6.8 with 
potassium hydroxide, and the volume adjusted conveniently, usually to 
20 ml. 

The most convenient treatment found for removing vitamin B, was to 
filter the neutralized hydrolysates with suction through short columns of 
activated charcoal (Darco G-60). By the use of control samples contain- 
ing known amounts of vitamin Bg and of pt-alanine, the amount of char- 
coal necessary to remove the vitamin without significantly decreasing the 
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alanine content was readily determined. This amount varied consider. 
ably for different lots of the single brand of charcoal tested; hence no cop. 
stant procedure can be given. For the cell hydrolysates described above, 
and with an “average” lot of charcoal, a column 2 cm. long and 1.5 em. jp 
diameter, containing approximately 700 mg. of adsorbent, sufficed to free 
the sample of vitamin Be, even with samples containing as much as 40 ¥ 
of vitamin Bs per gm. Aliquots of the filtrates from these samples were 
diluted appropriately for assay. 

The results of assay of several contro! samples, in which known amounts 
of pyridoxal and of pL-alanine were added to a casein hydrolysate and as- 
sayed for p-alanine, are presented in Table IIL. Recovery of p-alanine 
is satisfactory, and illustrates that the mixed amino acids of a protein hy- 
drolysate do not interfere with the determination and that the interfering 
effects of vitamin Bs are readily removed by the procedures detailed 


Tasie III 
Recovery of p-Alanine from Mixtures of vi-Alanine, Pyridoral, and 
Casein Hydrolysate* 


Added before charcoal treatment Found after charcoal treatment 


p-Alanine Pyridoxal hydrochloride p-Alanine Pyridoxal hydrochloride 
y per mi. myugm. per mi. > per mil, mugm. per mi. 
65.0 200 57.5 0 
65.0 200 55.0 0 
57.5 200 52.5 0 


* The additions were to an acid hydrolysate which contained, per ml., the amino 
acids derived from 5 mg. of casein. These solutions were then treated with charcoal 
for removal of vitamin Bg, as described in the text, and diluted for assay. 


above. The slightly low recoveries of p-alanine result from removal of 
small amounts of this substance by charcoal. For purposes of this in- 
vestigation, z.c. to demonstrate whether or not p-alanine occurs in cells of 
lactic acid bacteria, this result is unimportant. 

Assay Results—The results of assays for p-alanine on the four test or- 
ganisms grown in the variously supplemented media are shown in Table 
IV. Each of the lactic acid bacteria tested contained from | to 2 per cent 
of p-alanine.' Of greatest significance was the finding that cells of Strep- 
tococcus faecalis and of Lactobacillus casei contained roughly equal 


! L-Alanine also is present in such hydrolysates. Assay of hydrolysates of Strep- 
tococcus faecalis R with Leuconostoc citrovorum, which responds equally to p- and 
L-alanine (10), revealed a total alanine content of 4.6 per cent. Thus p-alanine 
comprises considerably less than 50 per cent of the total alanine present in this 
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amounts of p-alanine whether they were grown in the absence of vitamin 
B,, under conditions such that they require pD-alanine for growth, or 
whether they were grown without p-alanine in the presence of vitamin 
B,, under which conditions b-alanine is not required for growth. Under 
the latter conditions, the organisms must synthesize this amino acid. L. 
arabinosus and Leuconostoc mesenteroides, which grow in the absence of 
both vitamin Bs and p-alanine, likewise contain p-alanine in amounts simi- 
lar to those found in L. casei and Streptococcus faecalis. 

The validity of the identification of p-alanine as a constituent of these 
cellular hydrolysates rests to some extent on the specificity of the assay 


TasBie IV 
p-Alanine Content of Cells Cultured in Presence and Absence of p-Alanine or 
Vitamin Bs 

-p-Alanine content 

Organism 
Lot A Lot B 

| me. mg. per gm. mg. per gm. 
Lactobacillus arabinosus...... None | | 19 | 13 
pL-Alanine 200 
Pyridoxal HC] 12 
| a ae. 16 
Leuconostoc mesenteroides..... None | | 8 
 pt-Alanine 200 14 
Pyridoxal HC] | 0.001 il 
1.0 16 
Lactobacillus casei...... | pL-Alanine 200 11 
Pyridoxal HC! 0.001 5 
Streptococcus faecalis....__. pL-Alanine 12 
Pyridoxal HCl 0.001 10 

l. 


| 
 & 


method employed. Of known compounds, only p-alanine and vitamin 
Bs are effective in promoting growth, and under the conditions of assay 
only p-alanine is known to promote growth. The dose-response curves 
to the samples and to pL-alanine are wholly similar, indicating that p- 
alanine is the substance present which promotes growth. The results of 
recovery experiments (Tables II] and V) show that p-alanine added to the 
samples is recovered quantitatively, indicating the precision of the method. 

As confirmatory evidence for the presence of p-alanine in such hydroly- 
sates, the method of paper chromatography (11) was employed. A hy- 
drolysate of dried cells of Lactobacillus casei from a lot grown with vitamin 
B, (without pL-alanine) was freed so far as possible from hydrochloric acid 
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by vacuum distillation and redissolved in water. 1 ml. of this hydroly. 
sate, equivalent to 20 mg. of dry cells, was streaked across the top of a 
46.5 X 57 em. piece of filter paper (Whatman No. 1). Adjacent to, but 
separated from, this streak was placed a drop of an aqueous solution con- 
taining 5 y of pi-alanine. After drying, the edge of the strip was im- 
mersed in a mixture of 4 parts of pyridine and 1 part of water, the entire 
assembly being in an enclosed cabinet. After 30 hours development, the 
paper was removed, dried, and two vertical stripes painted with a solution 
of ninhydrin in butanol. Exactly corresponding in position on the paper 
to the control spot due to pi-alanine (Ry = 0.664) was a distinct band 
(one of several) from the hydrolysate. The position of this band being 
known, the portion not developed with ninhydrin was cut from the paper, 
leached with water, and the solution concentrated and assayed. The hy- 
drolysate placed on the paper contained 60 y of p-alanine by direct micro- 


TaBie V 
Recovery of v-Alanine Added to Solutions of Alkali-Hydrolyzed Casein* 
p-Alanine added p-Alanine recovered Per cent recovery 
y per mi! per mi, per mi per mi 

8.4 8.0 16.5 8.1 101.2 
5.4 6.0 11.0 5.6 93.4 
c; 7.5 15.9 8.0 106.7 
7.0 7.5 14.7 7.7 103.7 
5.7 7.5 13.3 7.6 101.3 
5.2 5.0 10.0 4.8 96.0 
4.8 5.0 10.0 5.2 104.0 


* Hydrolyzed with sodium hydroxide in the autoclave at 121°. 


biological assay; the band corresponding in position to pure pL-alanine 
contained 45 y of p-alanine by assay. 

In a subsequent experiment, cells of Lactobacillus arabinosus grown in 
the absence of both vitamin Beg and p-alanine were hydrolyzed and the 
hydrolysate chromatographed, as described above. In this instance, 9 
per cent of the p-alanine indicated by direct assay was recovered from the 
band corresponding in position to pure pL-alanine. These results demon- 
strate unequivocally the presence of this amino acid in hydrolysates of 
cells of these organisms grown in the absence of pL-alanine, and provide 
confirming evidence for the validity of the assay procedure employed. 

The possibility that the p-alanine found in the hydrolysates arose by 
racemization during acid hydrolysis was checked by applying the hydro- 
lytic procedure to casein and gelatin in the presence and absence of 
starch, and to cells of Torula cremoris. Assay of these materials indi- 
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cated only traces of p-alanine (maximum 0.1 per cent, minimum 0.02 per 
cent). With these materials, comparatively large amounts of the samples 
were necessary for assay, thus increasing the difficulty in removing vita- 
min B, and decreasing the specificity of the method. For these reasons, 
it cannot be said with certainty whether or not any p-alanine was actually 
present in these hydrolysates. This difficulty in interpretation is not 
present with hydrolysates of those lactic acid bacteria tested, which con- 
tained much greater quantities of p-alanine. 

As further evidence that p-alanine did not arise by racemization during 
hydrolysis, cells (400 mg.) of Lactobacillus aralinosus grown in the 
absence of p-alanine were repeatedly frozen and thawed, then subjected suc- 
cessively to the action of (a) autolytic enzymes present in the cells them- 
selves, (b) cysteine-activated papain at pH 5.0, and (c) calf intestinal mu- 
cosa at pH 8.0. Amino nitrogen determinations before and after acid 
hydrolysis showed liberation of 64 per cent of the total amino nitrogen by 
this enzymatic treatment. After centrifuging insoluble cell residues, the 
clarified enzymatic digest was freed of vitamin Bg by charcoal treatment 
and assayed. p-Alanine equivalent to 7 mg. per gm. of original cells was 
found. This was 59 per cent of the value found after acid hydrolysis of a 
separate portion of the same cells (Table IV, Lot B, grown with 0.001 mg. 
of pyridoxal hydrochloride per liter). A control sample carried through 
the same procedure without addition of cells contained no p-alanine. Thus 
p-alanine is present in the original cells, and does not arise by racemiza- 
tion during acid hydrolysis. 


DISCUSSION 


The experimental findings which bear upon the rdle of p-alanine in pro- 
moting growth of Streptococcus faecalis and Lactobacillus casei may be 
summarized as follows: (a) In otherwise complete media, growth of these 
organisms results if either D-alanine or vitamin Bg is added; both sub- 
stances are not required; (b) when the cells are grown with p-alanine and 
no vitamin Bs, they contain significant quantities of pb-alanine but little 
or no vitamin Bg (1); (c) when the cells are grown with vitamin Bs, but no 
D-alanine, they contain vitamin Be and p-alanine, the latter in amounts 
comparable to cells grown with p-alanine. In the latter case, p-alanine 
has obviously been synthesized by the cells. In the absence of vitamin 
Bs, growth does not occur unless pD-alanine is supplied preformed, in which 
case essentially normal growth takes place. It must be concluded from 
these results that p-alanine, an amino acid of the unnatural series, 
is essential for growth of these organisms. When vitamin B,g is available, 
the organisms synthesize this p-amino acid for themselves; when vitamin 
B, is not available, p-alanine must be supplied preformed. Vitamin Bg 
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must therefore be essential, either directly or indirectly, for synthesis of | 


p-alanine. 

A large number of ‘previous investigations has established that certain 
p-amino acids may be utilized by a variety of organisms. Certain of the 
p-amino acids (including p-alanine (12)) have also been shown to occur 
naturally, especially in products of microbiological origin, and p-glutamic 
acid has been reported present in hydrolysates of lactic acid bacteria (13), 
Previous to this and related investigations (2, 3), however, no pD-amino 
acid had been recognized as essential for growth and metabolic activity of 
any organism. The finding that p-alanine is essential for certain lactic 
acid bacteria is thus unique, and suggests that other amino acids of the 
p series may also be found essential for certain metabolic reactions. 

Limitations of the assay metliod prevent a decision as to whether the 
very small amounts of p-alanine (0.1 per cent) indicated as present in dry 
cells of Torula cremoris are actually present. If not, it may mean either 
that p-alanine is not generally required by other living organisms or 
that, though required, it is transformed to other products and does not 
accumulate. 

Although the mechanism by which p-alanine is synthesized by Lacto- 
bacillus casei and Streptococcus faecalis is unknown, L-alanine is the most 
logical precursor. Thus L-alanine shows low growth-promoting activity 
for Streptococcus faecalis (though not for Lactobacillus casei) in the absence 
of vitamin Bs. The fact that vitamin Bg is required for the synthesis sug- 
gests that it may act as a “coracemase” in this process. This suggestion 
is consistent with the report of Lyman and Kuiken (14) that certain lactic 
acid bacteria showed increased ability to utilize p- in place of L-amino 
acids when the growth medium was high in vitamin Bs. Similar observa- 
tions have been made in this laboratory. It is suggestive, in this con- 
nection, that the same type of equilibrium transamination reaction be- 


tween pyridoxal and certain amino acids which has been shown to occur | 


in vitro (15) would also lead to racemization of an optically active amino 
acid which participated in the reaction. 
SUMMARY 


This and related investigations (2, 3) have shown that Lactobacillus 
casei and Streptococcus faecalis grow in appropriate media when either 


p-alanine or vitamin B, is added. Cells grown with p-alanine do not syn- | 
thesize significant amounts of vitamin B, (1). To clarify the réle of — 


p-alanine in this phenomenon, a method for its microbiological determins- 
tion was developed which utilizes Lactobacillus casei as the test organism. 
Since the measured response is given by either p-alanine or vitamin By 


* McCullough, W. G., and Snell, E. E., unpublished. 
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samples assayed must be freed of the vitamin. This was accomplished 
by charcoal treatment, the completeness of removal of vitamin Be being 
confirmed by assay with Lactobacillus casei under conditions such that 
p-alanine is inactive. 

The procedure was then applied to dried cells of Lactobacillus casei 
and Streptococcus faecalis which had been grown (a) without vitamin Bs, 
but with p-alanine present, and (b) without p-alanine but with vitamin 
B, present. In both cases, D-alanine was found in the cell hydrolysates in 
significant quantities. The presence of p-alanine was confirmed by com- 
bined use of partition chromatography on paper and bioassay, and by 
separate tests it was shown that the b-alanine did not arise by racemiza- 
tion during hydrolysis. Thus to permit growth these organisms must 
either be grown under conditions such that they synthesize p-alanine 
(ie. vitamin Bs present in an otherwise complete medium), or p-alanine 
must be supplied preformed. ‘Thus it appears that b-alanine is itself es- 
sential for growth of these organisms, and that vitamin Bg is involved 
either directly or indirectly in its synthesis. 

Lactobacillus arabinosus and Leuconostoc mesenteroides, which grow in 
media containing neither p-alanine nor vitamin Bg, also contain p-alanine. 
The amounts of p-alanine found in cells of Torula cremoris were so small 
that its identification by the methods used is not certain. 

These results are discussed briefly, and the possibility that vitamin Be 
may act catalytically in the racemization of certain amino acids is indi- 


cated. 
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FORMATION OF MERCAPTURIC ACIDS BY CYSTINURIC AND 
NORMAL DOGS 


By FRANCIS BINKLEY* 


(From the Department of Biochemistry, Cornell University Medical College, New York 
City, and the Laboratory for the Study of Hereditary and Metabolic Disorders, 
University of Utah School of Medicine, Salt Lake City) 


(Received for publication, September 13, 1948) 


As a part of a program of investigation of the mechanism of formation 
of mercapturic acids, it was considered worth while to investigate the 
possibility that the administration of bromobenzene to cystinuric dogs 
would alter the excretion of cystine by the animals. It was found, how- 
ever, that the excretion of cystine was not altered by the administration 
of bromobenzene. Since, at the time these experiments were done, choline 
had emerged as important in the metabolism of the sulfur-containing 
amino acids (1), it was of interest to determine whether or not the ad- 
ministration of choline, with and without bromobenzene, would alter the 
excretion of cystine. While choline was not found to alter the excretion of 
cystine profoundly, there were certain observations which led us to in- 
vestigate this phase in detail with normal dogs. Following the adminis- 
tration of choline and bromobenzene, cystine in the urine, as determined 
by the method of Brand, Cahill, and Kassell (2), was observed to increase 
markedly; there was, however, no significant increase in the excretion of 
cystine as measured by the method of Sullivan and Hess (3) or by either 
method after a preliminary precipitation of the cystine as the cuprous 
mercaptide. Since the cystinuric dogs were males and since the excretion 
of cystine interfered with the determination of the ‘unknown disulfide,” 
further studies were made with normal dogs; the majority of the studies 
were made with trained females so that catheterization could be employed 
in the collection of the urine. It was found that the optimal formation 
of mercapturic acid was dependent upon a supply of extra choline in the 
diet as well as upon a supply of cystine or precursors of cystine. As the 
choline was given, the excretion of disulfides, as measured by iodometric 
titration (4), was found to increase markedly. The urines were found to 
give a positive nitroprusside reaction and to respond to the test of Brand, 
Cahill, and Kassell for disulfides but were negative to the test of Sullivan 
and Hess for cystine, The compound responsible for the disulfide reac- 
tions was isolated in small quantities, but its identity was not established. 

In the course of these studies a relatively simple colorimetric method for 
the estimation of p-bromophenylmercapturic acid was developed. 


* Present address, University of Utah School of Medicine, Salt Lake City. 
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EXPERIMENTAL 
Colorimetric Estimation of p-Bromophenylmercapturic Acid 


It was found that the excretion of the disulfide material interfered with 
the determination of the mercapturic acid by the method of Stekol (5). 
the blanks were erroneously high and, in several cases, considerably more 
mercapturic acid could be isolated from the urine than was indicated by 
the determination. In order to avoid these difficulties, a convenient 
colorimetric method was developed. The method was essentially an 
adaptation of the method of Brand, Cahill, and Kassell (2) to the estima- 
tion of the p-bromothiophenol formed in the alkaline cleavage of 
the p-bromophenylmercapturic acid. The particular disadvantage of this 
method is that the procedure must be completed without delay as soon 
as the alkaline cleavage is complete. 


TaBLe | 
Recoveries of p-Bromophenylmercapturic Actd from Solution 


Recoveries are given in the units of the Klett-Summerson colorimeter. Cystine 
was dissolved in acid and diluted to volume with the 5 per cent solution of urea. 


me. colorimeter units me. | colorimeter unils 
() 14.5 0.1 39.0 0.37 
0.2 29.0 0.2 77.1 0.38 
0.5 73.0 0.5 191.3 0.38 
1.0 143.5 0.38" 


* Calculated. 


Procedure—5 ml. of urine (containing less than 5 mg. of mercapturic acid) 
were placed in a 50 ml. Erlenmeyer flask and 2.5 ml. of 2.5 N sodium bhy- 
droxide were added. A watch-glass was placed over the mouth of the 
flask and the solution was boiled gently on a hot-plate for 10 minutes. 
The flask was then cooled to room temperature and the contents were rinsed 
into a 25 ml. volumetric flask with a 5 per cent solution of urea; 2.5 ml. 
of 2.5 N acetic acid were added and the contents were diluted to volume 
with the 5 per cent solution of urea. Aliquots of this solution were used 
in the determination which was carried out as described by Brand, Cahill, 
and Kassell, except that a 12 minute period of color development was 
found to be more satisfactory than the 8 minute period. 

Recovery of p-Bromophenylmercapturic Acid—Some recoveries of p- 
bromophenylmercapturic acid are illustrated in Table I. The recoveries 
are given as units of the Klett-Summerson colorimeter with Filter 66. 
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As is demonstrated in Table I, it was possible to use solutions of cystine 
as the standard in the determination. Obviously, the treatment with 
alkali was omitted with the solutions of cystine. In Table II, recoveries 
of the mercapturic acid added to dog and rat urines are given. It Is seen 
that good recoveries were obtained. In Table III, the interferences of 
eystine, cysteine, methionine, and of a concentrate of urine are shown. All 


TABLP II 
Recoveries of p-Bromophenylmercapturic Acid Added to Dog and Rat Urines 


The mercapturic acid was dissolved in 100 ml. of urine and 5 ml. aliquots, con. 
taining the amounts indicated, were taken for analysis as described in the text. 
Cystine was used as a standard. 


Mercapturic acid Dog urine Rat urine 
me. me. me. 
0.10 0.09 
0.50 0.51 0.55 


1.00 1.04 1.09 


Tasie III 
Interference of Sulfur-Containing Compounds on Determination 
of p-Bromophenylmercapturic Acid 
Only one concentration of mercapturic acid (0.2 mg.in5ml.) was used. All com- 
pounds were made up in pooled dog urine. Cystine was used as a standard. 


Compound added Amount Recovery of mercapturic acid 
mg. per cent 

Cystine 0.1 101 
0.2 105 

0.5 112 
Cysteine HC] 0.1 
0.2 102 

0.5 106 
Methionine | 0.1 105 
0.2 107 

7 0.5 112 


Urine concentrate ] L110 


these materials interfered somewhat, but at ordinary concentrations the 
interferences were negligible. 


Formation of Mercapturic Acid by Cystinurie Dogs 


Cystine was determined by the methods of Sullivan and Hess (3) and 
of Brand, Cahill, and Kassell (2). The method described by Brand, Cahill, 
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and Kassell was used for the precipitation of cystine as the cuprous mer. 
captide. The dogs used in this study were two male Irish terriers ob. 
tained through the courtesy of Dr. Erwin Brand. While partitions of the 
urinary sulfur were made on several specimens of urine, the results were 
not especially informative and are not given here. Mercapturic acid was 
determined by the method described above. The basal diet for these 
studies and for the studies with the normal dogs had the following com. 
position: 25 parts of crude casein, 45 parts of sucrose, 20 parts of lard, 2 
parts of powdered agar, 3 parts of Cowgill’s salt mixture (6), 3 parts of 
dried brewers’ yeast, and 2 parts of cod liver oil. Dog 2X, weighing 147 
kilos, was given 220 gm. of the diet daily; Dog 5X weighed 10.8 kilos and 
was given 170 gm. daily. Choline chloride was given in capsules at the 


TaBLe IV 
Effect of Choline on Excretion of Cystine by Cystinuric Dogs 


Cystine was determined by the methods of Sullivan and Hess and of Brand, Cahill, 
and Kassell directly on the urine Each period represented a 3 day collection of 
urine. The results are given in mg. of cystine excreted per day. 


| Dog 2X Dog 5X 
No. | Sullivan and Brand Cahill, Sullivan end | Supplement 
and K ; Hess and Kassell Hess 
| 123 95 None 
m4 270 | 
| 123 100 78 
oy 135 95 98 Choline 


rate of 1 gm. per day and bromobenzene was given at the rate of 2 gm 
per day. 

One of the first studies is summarized in Table IV. There were two 
points of interest in this study. First, the contrast between the two meth- 
ods for cystine was unexpected; with Dog 2X very poor agreement was 
observed, while with Dog 5X rather good agreement was observed. 
Secondly, the administration of extra choline was followed by a slight i- 
crease in the excretion of cystine, as measured by the method of Sullivan 


and Hess, but there was no increase as measured by the method of Brand, — 


Cahill, and Kassell. In view of the later studies, the increase in excre- 


tion of cystine as measured by the method of Sullivan and Hess was not. 


considered as significant. Excellent agreement between the two methods 
was obtained, however, for the urine of Dog 2X when the methods involv- 


ing the preliminary precipitation of cystine as the cuprous mercaptide were 
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ytilized. For example, the urine of Period III (Table IV) was found 
to contain 129 mg. of cystine by the method of Brand, Cahill, and Kassell 
and 126 mg. by the method of Sullivan and Hess, utilizing, in both cases, 
preliminary precipitation of the cystine as the cuprous mercaptide, whereas 
by the direct methods the values were 245 mg. and 123 mg. respectively. 

Studies of the excretion of cystine and mercapturic acid following the 
administration of bromobenzene and choline are summarized in Table 
V. Itisevident that the excretion of cystine was not altered by the ad- 
ministration of bromobenzene. It is apparent that some compound other 
than cystine, presumed to be a disulfide, was excreted when choline and 


TABLE V 


Excretion of Mercapturic Acid and Cystine by Cystinuric Dog Receiving 
Bromobenzene 


Cystine was determined by the method of Brand, Cahill, and Kassell, utilizing 
the precipitation of cystine as the cuprous mercaptide as well as by the direct method. 
The data presented were those for Dog 5X, which was given 2 gm. of bromobenzene 
and 1 gm. of choline chloride daily as indicated. 


Cystine 
Cystine excretion, |§ Mercapturic 
Period No. excretion, |  cuprous — acid | Supplement 
direct method excretion 
met 


| mg. perday = mg. per day me. per day 


1 Basal 

2 | 97 

3 97 | 

4 84 84 Choline 

5 | 105 | 106 

6 97 O4 | | as 

7 249 104 | 1210 | ** and bromobenzene 
333 106 1470 | 


bromobenzene were given to the cystinuric dogs; this epmpound responded 
to the test for disulfides of Brand, Cahill, and Kassell, but it was not pre- 
cipitated as a cuprous mercaptide under conditions leading to quantita- 
tive precipitation of cystine. 


Studies with Normal Dogs 
Mercapturic acid was determined as described above. The disulfide 


content of the urine was determined by the method of Virtue and Lewis 


(4) in a zinc hydroxide filtrate of the urine. Bromobenzene, choline 
chloride, cystine, and homocystine were given in gelatin capsules. 

In one of the first experiments the excretion of mercapturic acid by a 
male dog was determined by isolation and purification of the mercapturic 
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acid from 3 day collections of urine. The urines were treated with a smal On 
amount of Darco and were filtered. The filtered urines were then made —_ soon 
acid to Congo red by the addition of concentrated hydrochloric acid ang stud 
were heated on the steam bath for } hour. The cooled urine was placed | follo 
in a continuous extractor and extracted for 24 hours with chloroform. The VIII 
chloroform solution was evaporated to dryness and the residue wa 

dissolved in dilute bicarbonate solution. The bicarbonate solution was 

extracted with two portions of ethyl acetate which were discarded. The 

bicarbonate solution was acidified with hydrochloric acid and was 4g. Al 
lowed to stand in the ice box 3 days. The mercapturic acid which had =. © 
crystallized was collected on a sintered glass filter, dried at 100° for3 = “*™ 
hours, and weighed. The results are given in Table VI. It is apparen  “" 


Taste VI 
Effect of Choline on Formation of Mercapturic Acid 
The mercapturic acid was isolated as described in the text. The dog received) 
gm. of bromobenzene daily and was given 1 gm. of choline chloride daily as indicated 


Days Mer meee acid | Nitroprusside test Supplement 
em. 
l- 3 2.7 Negative None 
4- 6 4.1 3+ Choline chloride | 
7-9 2.6 + None 
10-12 4.6 3+ Choline chloride 
3.8 


13-15 


Qe | None 


that the administration of choline chloride was followed by an increase in 
the excretion of mercapturic acid. 

Several female dogs were used in further studies in which the excretion 
of mercapturic acid and of disulfide was determined. The most striking 
of these studies was with a trained female which was given 2 gm. of bromo- 
benzene daily for over 90 days. The dog consumed each day’s food, los 
no weight during the study, and was never in distress except when extr 
choline was omitted from the diet. A portion of the study is given 1 
Table VII. The disulfide value of 0.5 mm was the value ordinarily found 
with a “nitroprusside-negative” urine. The nitroprusside test became 
strongly positive at values near 1 mm per day. It is seen that a significan' | admin 
excretion of disulfide did not begin until choline was given and this roughly Stel 
paralleled the increase in excretion of mercapturic acid. When cholix  growtl 
was given, the excretion of mercapturic acid was increased about 50 per cen! —_cretiot 
and decreased to nearly the basal level when the administration of choline | and tl 
was ended. cystin 
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One of the dogs used in the study, a female hound, refused all food as 
soon as bromobenzene was given and lost weight very rapidly during the 
study. It was possible with this animal to demonstrate a marked effect 
following the administration of choline; the data are summarized in Table 
VIII. At the conclusion of the experiment the animal was weak and in 


Taste VII 
Effect of Choline on Excretion of Mercapturic Acid 


A female dog, weight 10.5 kilos, receiving 200 gm. of the casein diet, was given 2.0 
gm. of bromobenzene and 2.0 gm. of L-cystine daily. Choline chloride was given at 
the rate of 1 gm. per day. The total urine specimens were obtained by catheteri 
zation. 


Mercapturic acid 


Days panera Disulfide excretion Supplement 
mu Ss mu S 

1 3.5 0.3 None 

2 4.8 0.5 

5 1.0 0.5 

3.9 

1] 0.6 

12 4.1 0.5 ri 

13 4.7 1.3 Choline 
14 §.3 2.7 

15 2.8 

16 6.5 2.8 

17 2.9 

1s 6.4 2.4 None 
19 5.5 2.1 
5.3 1.8 
21 5.2 1.9 
22 1.9 1.9 
23 4.9 1.9 Choline 
24 6.3 2.3 
25 §.2 2.6 
2h 6.6 2.6 
27 6.4 2.9 + 


very poor condition, but, nevertheless, there was a marked effect of the 
administration of choline on the excretion of mercapturic acid. 

Stekol (7) has reported that homocystine would replace cystine in the 
growth of rats receiving bromobenzene but would not increase the ex- 
cretion of mercapturic acid. These findings were checked with the dog 
and the results are summarized in Table IX. It is obvious that homo- 
cystine replaced the cystine in the formation of mercapturic acid. 
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Characterization of ‘Disulfide Compound” 


The evidence for the disulfide nature of the compound may be sum. \ 
marized as follows: a positive nitroprusside test was obtained after, byt 


Tasie VIII 
Effect of Choline on Excretion of Mercapturic Acid by Fasting Dog 
The initial weight of the dog was 10.9 kilos and the final weight was 8.9kilos. 2 | f 
gm. of bromobenzene and 2 gm. of L-cystine were administered daily. | 


Days | Disulfide excretion Supplement 
| 
| mu S meu S ; n 
1 | 3.9 1.0 None 4 
2 | 4.1 1.1 
3 | 4.2 1.2 . 
4 | 2.8 
5 4.8 2.9 Choline chloride t] 
6 5.0 3.4 p 
7 6.3 3.0 
9 3.2 2.4 
Tasie IX 
Replacement of Cystine by Homocystine in Formation of Mercapturice Acid ps 
The dog of Table VII was used in this study. 2 mg. of bromobenzene and 1 gm. — b 
of choline chloride were given daily. 2.4 gm. of pL-homocystine were given as indi- 
cated. fo 
Days Disulfide excretion | Supplement 
| mu S | mu S 
] 6.5 3.5 Homocystine 
2 | 6.7 4.1 
3 | 7.1 3.8 3s 
4 | 6.4 3.6 None 
5 4.2 2.3 rit 
6 | 4.4 2.4 Homocystine by 
7 | 6.4 3.4 5 b 
8 6.5 3.3 
9 6.6 3.3 ad 
10 6.4 3.1 ; Ca) 
11 5.0 1.9 None tin 
in 
tid 


not before, treatment with sodium cyanide or reduction with metallic zit ery 
in dilute acid; the reaction of Brand et al. was strongly positive, although _ th 
full color development was not obtained until after 1 hour; and all the 
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above reactions were destroyed by a preliminary oxidation of the samples 
with bromine water. 

The compound did not appear to be a simple derivative of cystine, 
since the reaction of Sullivan and Hess was negative before and after hy- 
drolysis with hydrochloric acid, after aging of the urines, or after treatment 
of a concentrate with sodium in liquid ammonia. The material did not 
form a cuprous mercaptide. 

A concentrate of the compound was obtained in the following manner: 
The pooled urines were concentrated to dryness in vacuo and at low tem- 
perature and the dry residue was extracted with hot methanol. The 
methanol extract was then passed through a column containing activated 
alumina; the compound was adsorbed and could be eluted with a mixture 
of 90 per cent methanol and 10 per cent ammonium hydroxide. <A_hy- 
groscopic material was obtained by the addition of acetone to a solution of 
the material in methanol. ‘This material has a sulfur content of about 15 
per cent but appeared to be impure. A crystalline picrate with a sulfur 
content of 8.1 per cent was obtained from the treatment of the methanol 
solution with picric acid. This material melted at 221° and there was 
a marked depression of the melting point when the picrate was mixed with 
a picrate prepared from cystine betaine. 

The compound was labile and almost any manipulation was, accom- 

panied by losses of the material. When a solution of the material was 
boiled, a strong garlic-like odor was observed. The volatile material 
formed a derivative with mercuric chloride but was not identified. 
_ Under the influence of an electrical current, the compound migrated 
rapidly toward the cathode; the migration was reversed by the addition 
of hydrochloric acid to the compartment in which the compound had ac- 
cumulated. The compound, therefore, was amphoteric. 


DISCUSSION 


If the cystine utilized in the formation of mercapturic acids were de- 
rived from the same immediate metabolic source as the cystine excreted 
by the cystinuric dog, it would be expected that the administration of 
bromobenzene would serve to depress the excretion of cystine. Since the 
administration of bromobenzene (and the subsequent formation of mer- 
capturic acid) was without effect on the excretion of cystine by the cys- 
tinuric dog, it may be concluded that different metabolic pathways are 
involved. The simplest explanation would appear to be that the forma- 
tion of mercapturic acid is a function of the liver and that the fundamental 
error of metabolism leading to the excretion of cystine is to be found in 
the kidney. 

The excretion of a compound or compounds responding to tests char- 
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acteristic of disulfide compounds by the cystinuric and normal dogs re. 
ceiving bromobenzene and choline is a phenomenon which requires further 
investigation. Whether or not the excretion of the material is connected 
metabolically with the formation of mercapturic acids cannot be answered 
from the information available at this time. The effect of choline jp 
bringing about an increase in the excretion of mercapturic acid would 
appear to have several possible explanations; the more plausible of these 
would appear to be that the effects of choline are non-specific in nature and 
are a reflection of the participation of choline in the preservation of he- 
patic integrity in the presence of toxic agents. Whether or not disulfides 


are excreted when other toxic agents are administered with choline has _ 


not been determined. 


The author is indebted to Professor V. du Vigneaud for his interest and 
his suggestions during the course of these studies. 


SUMMARY 


It has been demonstrated that the administration of bromobenzene to | 


cystinuric dogs did not decrease the excretion of cystine by the animals. 
The administration of choline with the bromobenzene was followed by 
the excretion of a compound or compounds which responded to tests con- 
sidered to be characteristic of the disulfide grouping. Normal dogs were 
found to excrete the same or similar compounds when choline and bromo- 
benzene were administered; the administration of the choline with the 
bromobenzene appeared to increase the excretion of mercapturic acid. 

A colorimetric method suitable for the estimation of p-bromophenylmer- 
capturic acid in the urine of dogs was developed. 
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THE SOURCE OF SULFATE IN THE FORMATION OF 
ETHEREAL SULFATES 


By FRANCIS BINKLEY* 
(From the Department of Biochemistry, Cornell University Medical College, New York 


City, and the Laboratory for the Study of Hereditary and Metabolic Disorders, 
University of Utah School of Medicine, Salt Lake City) 


(Received for publication, November 22, 1948) 


Laidlaw and Young, in a recent report (1), have investigated the ques- 
tion of whether or not inorganic sulfate is utilized in the synthesis of ethe- 
real sulfates. These investigators have shown, beyond any reasonable 
doubt, that inorganic sulfate may be utilized in the synthesis, but their 
data, as reported, do not permit the conclusion that inorganic sulfate of the 
diet is utilized to any appreciable extent in this synthesis. Several years 
ago, in the course of an investigation of growth and mercapturic acid 
formation, we were interested in ascertaining whether or not inorganic 
sulfate in the diet would facilitate the growth of animals receiving a phenol 
in the diet. We had obtained results from the feeding of bromobenzene 
which appeared to be consistent with a concept that as long as the dietary 
sulfur (cystine and methionine) was adequate, there was a constant excre- 
tion of total detoxication products (ethereal sulfates plus mercapturic 
acids). Dietary changes, such as the addition of extra choline (2), served 
to increase the excretion of mercapturic acids, but this increase of excre- 
tion of mercapturic acids appeared to be at the expense of the excretion 
of ethereal sulfates. It became of some importance, therefore, to deter- 
mine whether the addition of inorganic sulfate to the diet would bring 
about a resumption of growth of rats receiving amounts of phenol sufficient 
to retard growth. Since bromobenzene was used in the studies of the 
formation of mercapturic acids, the related phenol, p-bromophenol, was 
used in the study of formation of ethereal sulfates. A relatively high 
level of p-bromophenol was necessary to bring about the cessation of 
growth of animals on the diet used in these studies. When growth had 
been stopped by the administration of p-bromophenol, it was found that 
inorganic sulfate was not effective in bringing about a resumption of growth, 
whereas cystine was very effective. In order to demonstrate that the 
effects on growth were correlated with the formation of ethereal sulfates 
certain of the animals were placed in cages permitting quantitative collec- 
tion of urine, and the excretion of ethereal sulfates was determined; it was 
found that the addition of inorganic sulfate to the diet was ineffective in 


* Present address, University of Utah School of Medicine, Salt Lake City. 
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the facilitation of the formation of ethereal sulfates, but that the addition 
of cystine was quite effective. Thus, the resumption of growth, upon the 
addition of cystine, was correlated with an increase in the excretionof 
ethereal sulfates. 

It may be concluded from the data presented here that, in so far as dietary 
sources of sulfur are concerned, it is of little importance whether a com. 
pound is excreted as a mercapturic acid or as an ethereal sulfate; the 
demands upon the dietary sulfur are identical. It must be emphasized, 
however, that formation of ethereal sulfates does not appear to be an ob- 


ligatory process; doubling the amount of phenol in the diet did not affect 


the growth of the animals and did not bring about a proportionate jp. 
crease in the excretion of ethereal sulfates. 


Taste I 
Sulfur Partitions of Urines of Rats Receiving Bromobenzene 
For description, see the text. The results are expressed in mg. per day. 


Basal 13.9 + 2.4 6.1 + 3.1 2.2+1.4 
Cystine 31.2+4.6 | 23.34 4.7 2.524 1.4 
Bromobenzene, 24.0 + 5.1 24.6 + 4.4 7.124 3.8 11.34 4.1 
cystine 
Bromobenzene, cys- 22.626.4  25.143.5 5.8+1.8 15.3 + 4.4 
tine, choline | | | 
EXPERIMENTAL 


Total Detoxication of Bromobenzene—In Table I a study of the exere- 
tion of sulfur by adult male rats (250 to 300 gm.) receiving bromobenzene 


is summarized. These animals were given a diet containing casein 8 parts, — 
dextrin 41 parts, sucrose 15 parts, Mazola oil 30 parts, salt mixture (3) _ 


4 parts, and agar 2 parts. The water- and fat-soluble vitamins were sup- 
plied as described by Chandler and du Vigneaud (4). Bromobenzene was 
incorporated at the level of 1 ml. per 100 gm. of diet, and cystine was 
given as 1 per cent of the total diet. Extra choline was given at the rate 
of 50 mg. daily. Food consumption was limited to 7 gm. daily and collec: 
tions of urine were made in 5 day periods. The methods of Folin (5) and 
of Benedict (6) were used in the determination of the sulfur in the ume. 


The method of Binkley (2) was used for the determination of mercaptune | 
acid. The data recorded in Table I represent the averages for seven 


animals with each animal on each diet for 3 or more 5 day periods. The 
variations indicated by plus and minus figures are the maximum devis- 
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tions from the averages; the average deviations were about one-third 
of the maximum deviations. 

In agreement with the results obtained with dogs (2), it was found that 
the administration of choline was followed by an increase of the excretion 
of mercapturic acids; the total excretion of detoxication products was not 
greatly influenced and much of the increase in the excretion of mercapturic 
acid was at the expense of the ethereal sulfates. 

Relationship of Level of Bromobenzene and Cystine to Growth of White 
Rats—In an attempt to assess to what extent the formation of mercapturic 
acids was an obligatory process, a large number of experiments were made 


+2 


-3 

L 
oO. 0.6 


3 
Per Cent L-Cystine 


Fig. 1. Growth of rats receiving various levels of bromobenzene and cystine in 
the diet. 


on the growth of white rats receiving bromobenzene. The casein diet, 
described above, was used in these studies. Animals weighing between 
60 and 70 gm. were used in these studies and only the data of those animals 
which could be induced to consume 5 gm. of diet per day are included. 
Each point represents the average growth data of six or more animals 
for the initial 10 day period after the addition of bromobenzene and extra 
cystine to the diet; the large number of animals involved in the study pre- 
cluded the use of longer periods. These ‘‘titration” studies are summarized 
in Fig.1. The animals, which received 2 per cent of their diet as bromo- 
benzene, did not consume sufficient food whenthe concentration of cystine 
was below 0.3 per cent to give valid data. Otherwise, each concentra- 
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tion of bromobenzene was tested at levels of 0.0, 0.1, 0.3, and 0.6 per cent 
extra cystine in the diet. The addition of the larger amounts of bromo. 
benzene to the diet was accompanied by loss of weight, but, even so, there 
was a relationship between rate of loss of weight and the concentration of 
bromobenzene. 

Growth of Rats Receiving p-Bromophenol—-\n Table II, the growth and 
food consumption of rats receiving p-bromophenol are illustrated. These 
animals received the basal diet described above. While several larger 
litters were used with the same results, these are the animals used in the 
study of excretion of ethereal sulfates reported in the next section. It is 


Il 
Growth and Food Consumption of Rats Receiving p-Bromophenol 


Food 
Rat No. Days consump- Growth Supplement to basal diet 
thon 


em. per 
da 


d y 

CJ606 0-70 4.5 0.8 None 
CJ607 0-10 4.1 0.5 

10-20 3.7 0.1 1° p-bromophenol 

20-30 3.7 0.0 2% . 

30-70 5.4 2% + 0.8% evyatine 
C608 0-10 4.5 0.5 None 

10-20 2.8 —0.1 p-bromophenol 

4.1 0.0 2% 

5.3 —O.1 2% + 0.55) 
C3609 0-10 4.5 0.4 None 

10-20 3.2 0.0 1% p-bromophenol 

20-30 3.8 0.1 2% “ 

6.1 1.9 2% + O.8°% cystine 

10-70 5.5 —0.3 2% + 0.5°> Na 


seen that, in contrast to the results noted with bromobenzene, doubling 
the level of p-bromophenol does not result in any greater loss of weight, 
and the animals maintained their weight for long periods of time while re- 
ceiving as much as 2 per cent of their diet as p-bromophenol. When cys- 
tine, but not inorganic sulfate, was added to the diet, there was an immedi- 
ate resumption of growth. <A slight gain of weight, noted immediately after 
the addition of sodium sulfate to the diet, appeared to be correlated with 
an increased consumption of water; there was, however, no diarrhea at 
this concentration of sodium sulfate. 

Excretion of Ethereal Sulfates by Rats Receiving p-Bromophenol—The 
data summarized in Table III include the results on the animals of Table 
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1] and of additional groups; therefore each figure is the average of four or 
more animals and a minimum of five 10 day periods is included in each 
average. It is obvious from these data that, although there is a slight in- 
crease in the formation of ethereal sulfates following the administration 
of inorganic sulfate, this increase is in no sense of the order of magnitude 
of the increase noted after the addition of eystine to the diet. The in- 
crease in consumption of the diet (older animals inthese periods) would 
account for the increase in excretion of ethereal sulfates following the ad- 
ministration of inorganic sulfate. The doubling of the level of p-bromo- 
phenol was not followed by an increase in the excretion of ethereal sulfates 
nor, as noted above, was there any further effect on growth. Thus, the 
formation of ethereal sulfates does not appear to be an obligatory process 
in the same sense as the formation of mercapturic acids (Fig. 1). 


Tasie 
Sulfate Partition of Urines of Rats Receiving p-Bromophenol 


Diet Food con- Inorganic Ethereal 


sumption sulfate sulfate 

gm. gm. per me. NasSO. 
day day per day per day 
Basal . 4.5 30.1 8.0 
1% phenol 4.2 0.1 10.0 32.5 
4.0 0.1 12.7 | 98.5 
2% =+0.8% cystine 5.6 1.7 249.5 


DISCUSSION 


The apparent inconsistency between our observations and those made 
following the administration of radioactive sodium sulfate may be ex- 
plicable on the basis of the amounts and route of administration of the 
sulfate. Since inorganic sulfate is either a non-threshold substance or is 
a substance with a very low threshold, it is cleared rapidly by the kidney 
and it is probable that no significant increase in the level of sulfate in 
the tissues is ever attained by the feeding of sodium sulfate in the diet. 
On the other hand, the single injection of sulfate, coincident with the ad- 
ministration of the phenol, would provide a more advantageous situation 
for conjugation. It is likewise possible that small amounts of inorganic 
sulfate may be distributed in the tissues without undue loss by renal mech- 
anisms and thus enter into ethereal sulfate formation even though no 
increase in such formation may have occurred. 

From the observations of Laidlaw and Young it may be said that ad- 
ministered inorganic sulfate may be found in the ethereal sulfates formed 
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by the animal. From our data it may be stated that administered inor. 
ganic sulfate is ineffective in bringing about an increase in the excretion 
of ethereal sulfates or the resumption of growth of rats receiving p-bro. 
mophenol. As explained above, these conclusions are not inconsistent, 
In any event, the basic question of whether or not inorganic sulfate js 
esterified directly with a phenol in the formation of ethereal sulfates has 
not been answered and must await results of studies with isolated systems, 
Whatever the exact mechanism of formation of ethereal sulfates may be, 
it is obvious that, in so far as dietary sulfur is concerned, inorganic sulfate 
is ineffective and the formation of ethereal sulfates, analogous to the forma- 
tion of mercapturic acids, places demands upon the sulfur-containing 
amino acids of the diet. 


The author is indebted to Professor V. du Vigneaud for his interest and 
suggestions during the course of this study. 


SUMMARY 


It has been demonstrated that inorganic sulfate in the diet was ineffee- 
tive in the production of a resumption of growth of rats receiving p-bromo- 
phenol. Cystine was found to be effective. The effects on growth were 
correlated, in the case of inorganic sulfate, with no increase of the excretion 
of ethereal sulfates and, in the case of cystine, with a significant increase 
of the excretion of ethereal sulfates. 

Certain data concerning the relationship between the formation of mer- 
capturic acids and ethereal sulfates have been included in this report. 
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THE INFLUENCE OF OVARIECTOMY ON THE CHEMICAL 
COMPOSITION OF REGENERATING RAT 
LIVER* 


By CLARA M. SZEGOt ann SIDNEY ROBERTSft 


(From the Departments of Physiological Chemistry, Yale University, New Haven, 
the School of Medicine, University of California at Los Angeles, and the Worcester 
Foundation for Experimental Biology, Shrewsbury, Massachusetts) 


(Received for publication, December 18, 1948) 


Because of the remarkable rate of restoration of liver tissue, the par- 
tially hepatectomized rat has been recognized as a useful preparation in 
which to study the process of active tissue growth (1-13) and the par- 
ticipation of various cellular components in this process (cf. (14)). How- 
ever, the very early postoperative period, during which extreme fluctua- 
tions in liver constituents occur, has been almost uniformly neglected. 
Parallel studies of the various liver components have not been made in 
such a manner as to permit integration of the rates of restoration of lip- 
ide, protein, and water during early hepatic regeneration. 

In the present investigation, the nitrogen, water, and lipide content of 
the regenerating rat liver has been followed at frequent intervals during 
the first few days after partial hepatectomy. The results obtained have 
been correlated with the increase in size of the remaining liver and with 
the onset of true growth as indicated by mitotic activity. In addition, 
the role of ovarian secretions in the mobilization of these liver constit- 
uents has been investigated. 


Methods 


Adult female rats of an inbred Sherman strain were partially hepatec- 
tomized when they were about 150 gm. in weight. The operative pro- 
cedure, modified after that of Higgins and Anderson (1), has been de- 
scribed in detail (15). One group of animals had been subjected to 
bilateral ovariectomy 16 days earlier. The amount of liver removed 
from an earlier series of twenty-three ovariectomized animals averaged 65 
per cent, with a standard deviation of 2.7 per cent (15). 

From the median and left lateral lobes of that portion of the liver re- 


* A preliminary report of the data has been presented (Federation Proc., 7, 122 
1948) ). 

Aided by grants from the Penrose Fund of the American Philosophical Society, 
from G. D. Searle and Company, and from the Foundation of Applied Research. 

t Present address, School of Medicine, University of California at Los Angeles, 
Los Angeles 24. 
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moved at operation, samples were obtained for water, total nitrogen, and 
total lipide determinations, as well as for histological examination. The 
animals were individually caged, allowed free access to Purina laboratory 
chow and water, and were sacrificed at intervals of from 4 hours to 8 
days following partial hepatectomy. At autopsy, the amount of liver 
present was determined, and samples were again taken for analysis. 

Determination of liver water was carned out on an aliquot of the fresh 
tissue, weighed rapidly in «a small tared vial on the analytical balance. 
The tissue was then dried overnight at 105° to constant weight, and the 
difference between wet and dry weights taken as the water content.  Suit- 
able aliquots of liver tissue were analyzed for nitrogen by the semimicro- 
Kjeldahl procedure. ‘Titration of the ammonia distillate was performed 
by the method of Sobel ef a/. (16), with the exception that a mixture of 
methyl red and brom-cresol green was used as the indicator. Total 
nitrogen multiplied by the factor 6.25 was used to estimate the amount of 
protein present. It is recognized, however, that this method of calcula- 
tion does not give unequivocal values for protein. Total lipide was meas- 
ured by a modification of the gravimetric procedure described by Roberts 
and Samuels (17). This method included exhaustive Soxhlet extraction 
of the ethanol-dehydrated, ground sample with 95 per cent ethanol and 
diethyl ether successively, followed by resolution of the dried extract with 
petroleum ether. 


Results 


Fig. 1 reveals that partial hepatectomy resulted in a transitory loss of 
weight in both control and ovariectomized rats. The rate of loss, as well 
as the later return to normal, was essentially the same in both groups of 
animals. ‘This early loss of weight following partial removal of the liver 
approximated 10 per cent of the preoperative body weight, and was prob- 
ably due to the initial drop in food consumption noted by other workers 
(cf. (1, 3, 18)). In Fig. 1 the rate of restoration of liver mass in both 
groups is also shown. The per cent of normal liver present in each animal 
at the time of autopsy was estimated from the amount of liver that would 
be expected to be present in a non-hepatectomized rat of the same body 
weight. It will be noted that the rate of restoration of liver mass im- 
mediately after partial hepatectomy in the ovariectomized group appeared 
to lag behind that in the control group. This lag was probably not sig- 
nificant, however, and, at any rate, was overcome within 10 to 12 hours. 
After this initial period, both groups of rats exhibited a rapid spurt in liver 


growth between 20 to 30 hours after operation. At this time, the maxi- 


mum loss in body weight was observed. 
Analysis of samples of liver removed at operation and at autopsy per 
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mitted an evaluation of the changes in the various liver constituents as 
restoration progressed. Figs. 2, A and 2, B show the rate of increase of 
total liver protein, lipide, and water per 100 gm. of body weight in control 
and ovariectomized animals, respectively. In both groups of animals a 
delay was observed in the accumulation of protein and water for 16 to 24 
hours after partial hepatectomy During the same period of time, how- 


PER CENT INITIAL BODY WT 


PER CENT OF NORMAL LIVER PRESENT 
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L | | = | 
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HOURS AFTER PARTIAL HEPATECTOMY 


Fig. 1. The rate of restoration of liver and body weight after partial hepatectomy. 
Kach point on this and subsequent curves represents the average of approximately 
six animals, except for the initial values (at 0 hour) which represent from six to 
thirty-two animals. The dotted lines in this and following figures show the real 
slopes of the curves, based on values obtained at later times after operation (3 to 
8 days). The latter values are not shown because of the emphasis on the early 
period of liver restoration. 


ever, lipide deposition occurred at a rapid rate in the non-ovariectomized 
group (Fig. 2,1), and somewhat more slowly in the ovariectomized animals 
(Fig. 2, B). It is apparent that the early increase in liver mass (from 
0 to 16 hours) was almost entirely due to fatty infiltration. 

During the period of the most rapid increase in liver mass (20 to 30 
hours), deposition of protein and water proceeded at an accelerated rate 
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(Figs. 2, A and 2, B). Histological examination of sections of livers ob. 
tained from animals at this period of time after partial hepatectomy re. 
vealed that this rapid rate of protein and water influx was paralleled by the 
inception of mitotic activity in the hepatic cells. It may also be noted 
that lipide accumulation continued rapidly at the same time. In both 
groups of rats, the rate of increase of protein and water in the liver was 
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HOURS AFTER PARTIAL HEPATECTOMY 
(NON- OVARIECTOMIZED) 


Fic. 2, A. The rate of restoration of liver protein, water, and lipide in non-ovar- 
iectomized rats after partial hepatectomy. In this series, preoperative levels of 
these constituents were protein 900 mg., water 3.15 gm., and lipide 267 mg. per 10 
gm. of body weight. 


only slightly reduced after the first 48 hours. The reduction in the rate 
of increase of liver mass which occurred at this time (Fig. 1) was apparently 
due to the leveling off of lipide deposition at approximately the normal 
value of liver lipide concentration (i.e., 250 to 300 mg. per 100 gm. of 
body weight). 

The concentrations of liver constituents at varying times after partial 
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hepatectomy, when calculated on a percentage basis, were apparently 
markedly influenced by previous removal of the ovaries. The prompt 
mobilization of lipide to the liver stump remaining after partial hepatee- 
tomy in the non-ovariectomized group is shown in Fig. 3. In the ovariec- 
tomized animals, however, there was an initial lag in lipide deposition, 
which was followed later by a rate of lipide accumulation in the liver 
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Fic. 2, B. The rate of restoration of liver protein, water, and lipide in ovariecto- 
mized rats after partial hepatectomy. In this series, preoperative levels of these 
constituents were protein SSS mg., water 3.09 gm., and lipide 279 mg. per 100 gm. of 
body weight. 


similar to that observed in the control group. This resulted in the failure 
of the ovariectomized rats to attain the high liver lipide levels seen about 
20 hours after liver removal in the non-ovariectomized group. The dif- 
ferences in liver lipide concentration in the two groups were statistically 
significant at the following time intervals after partial hepatectomy: 
8 to 10 hours, 20 to 22 hours, and 30 to 52 hours (cf. Table I). It will be 
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noted in Table I that differences in the various liver constituents in the 
two groups were, in general, of greater statistical significance when cal- 
culated on a per cent basis than when related to the body weight. This 
apparent discrepancy was probably due to the fact that body weights 
after partial hepatectomy were quite variable as a result of individual 
differences in food intake, spontaneous activity, etc. 

The changes in the per cent of protein and water in the liver during the 
early period of restoration are shown in Figs. 4 and 5. Apparent dif- 
ferences between the two groups of animals were seen throughout this 
period. Thus, in the control group, there was a depression in the concen- 
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Fic. 3. The influence of ovariectomy on lipide concentration in the regenerating 
liver after partial hepatectomy. 


tration of protein and water concomitant with the immediate mobiliza- 
tion of lipide (Fig. 3). In the ovariectomized group, on the other hand, a 
transitory rise in protein and water levels occurred during the first 8 to 
10 hours. Shortly thereafter, both groups of animals exhibited reductions 
in the relative amounts of liver protein and water present; these levels 
reached a minimum at a time when the per cent lipide levels were maxi- 
mum. Subsequently, protein, water, and lipide concentrations all began 
to return to normal. Thus, while previous ovariectomy caused a delayed 
accumulation of lipide in the livers of partially hepatectomized rats (Figs. 
2, A, 2, B, and 3), the rate of protein and water deposition in this group 
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Fic. 4. The influence of ovariectomy on protein concentration in the regenerating 
liver after partial hepatectomy. 
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Fic. 5. The influence of ovariectomy on water concentration in the regenerating 
liver after partial hepatectomy. 


surpassed that in the controls (Figs. 4 and 5). ‘Table I reveals that these : 


differences were statistically most significant 30 to 52 hours after partial 
hepatectomy. 
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DISCUSSION 


The classical study of Higgins and Anderson (1) revealed that restora- 
tion of hepatic tissue after partial hepatectomy in the rat was a reproduci- 
ble process which might be employed in the study of growth. These 
workers first demonstrated the initial fall in liver water after this opera- 
tion. Brues, Drury, and Brues (3) observed the progressive decline in 
liver nitrogen which reached a minimum at the end of the 2nd postopera- 
tive day. Lipide infiltration into the liver stump was inferred, but not 
demonstrated. Direct measurements of the lipide distribution in rat 
liver after partial hepatectomy have been made by Ludewig, Minor, and 
Hortenstine (19), who observed a marked influx of fat concomitant with a 
fall in the phospholipide-neutral fat ratio. Bogetti and Mazzocco (4) 
and Berman et al. (20) found similar early increases in total lipide. The 
present data further substantiate the observation that the composition 
of the early increase in liver mass after partial hepatectomy is mainly 
lipide. It may be concluded that the initial restoration of the liver is 
primarily an increase in mass due to lipide deposition, and, only there- 
after, a readjustment to normal composition. 

Mitotic figures, although extremely rare in normal liver (21), are con- 
spicuous in livers regenerating after various types of injury, including 
damage by toxins, chemical agents, etc. (cf. Fishback (22), Eschenbrenner 
and Miller (23)). In the present study, the inception of mitotic activity 
in the hepatic cells was well correlated with the initiation of protein deposi- 
tion. Both processes began about 24 hours after partial hepatectomy, 
and after a short period of rapid acceleration, leveled off to more moderate 
rates. These observations are similar to those of Brues, Drury, and 
Brues (3), Brues and Marble (21), and Gurd, Vars, and Ravdin (13). 
Christensen, Rothwell, Sears, and Streicher (24) have recently observed an 
early increase and later decline in liver amino acid concentration after 
partial hepatectomy. They also noted a close association of the period of 
increase in amino acid concentration with the time of the most active 
liver growth. 

The relatively prompt accumulation of liver lipide is the primary reac- 
tion to many types of liver injury, including partial hepatectomy, and is 
followed shortly by mitotic activity and protein deposition. ‘These events 
are striking in their time sequence. It has been suggested frequently that 
accumulation of liver fat per se may impair hepatic function, possibly by 
crowding out the active cytoplasm in the liver cell (cf. (25, 26)). This 
concept is not substantiated by the work of Wells (27) and of Ennor (28) 
in which very fatty livers caused by toxic damage exhibited no impair- 
ment of metabolic activity in vivo or in vitro. The results of the present 
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investigation support the suggestion that infiltration of liver lipide follow- 
ing hepatic injury may be an integral part of the restoration phenomenon. 
The initial lipide accumulation, which accounts for virtually all of the 
increase in liver mass during the first 24 hours following partial hepateec- 
tomy, could furnish the energy for subsequent growth and readjustment of 
the liver to normal composition. A similar mobilization of lipide to the 
liver accompanies the nitrogen retention seen following the injection of 
adenohypophyseal extracts possessing growth-promoting activity (¢f 
(29)). 

The relationship between the rate of lipide infiltration and true growth 
of the liver stump after partial hepatectomy does not appear to be strictly 
quantitative in nature. Thus, notwithstanding the diminished rate of 
fat accumulation in the ovariectomized animals, the rate of protein and 
water deposition was greater in this group than in the controls. In addi- 
tion, the restoration of liver tissue of normal composition was approached 
earlier in the animals deprived of ovarian secretions. These observa- 
tions do not provide evidence against the suggestion that fat may supply 
energy for growth, for, even in the ovariectomized group, accumulation of 
liver lipide preceded sustained protein and water deposition by at least 16 
hours. 

It has been suggested that the estrogens may have a fat-mobilizing ef- 
fect under certain conditions. Gy6rgy and his associates (30) have shown 
that administered estrogen decreased the fatty infiltration of the liver in 
rats maintained on a diet low in lipotropic factors. Lorenz, Entenman, 
and Chaikoff have demonstrated accelerated fat metabolism in certain 
avian species during periods of increased ovarian activity; this was charac- 
terized by lipemia (31) associated with increased liver lipide levels (32). 
The increase in blood lipides could also be provoked by the administration 
of estrogen to male and immature female birds (33). In the present study, 
the presence of ovarian secretions apparently enhanced liver lipide deposi- 
tion in the rat immediately after partial hepatectomy. These results are 
in agreement with the observations of Mackay and Carne (34) that more 
fat was deposited in the livers of female rats than in those of male rats 
during the first 24 hours after partial removal of the liver. The observa- 
tions of Deuel and coworkers (35) on the inherent sex differences in fat 
metabolism lend additional support to the concept that ovarian secretions 
may play a direct rdle in promoting lipide mobilization. 


SUMMARY 


The influence of ovariectomy on the composition of liver during early 
hepatic regeneration has been studied following partial hepatectomy 14 
the rat. 
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An apparent lag in the restoration of liver mass for the first 4 to 8 hours 
following operation was noted in the ovariectomized group. This de- 
ficiency was due to failure of prompt mobilization of lipide to the liver in 
these animals. Lipide accumulation in both groups was responsible for 
virtually all of the early increase in liver mass (up to 24 hours postopera- 
tively). Due to the initial lag in lipide mobilization in the ovariectomized 
group, liver lipide failed to reach as high maximum levels as were observed 
in the control series. The data suggest that ovarian secretions promote 
lipide mobilization to the regenerating liver. 

Protein and water deposition was closely correlated within each group, 
and was demonstrable by about 24 hours after operation, paralleled by the 
beginning of mitotic activity. The restoration of liver protein and water 
occurred at a significantly greater rate in the animals deprived of ovarian 
secretions. 

The rate of increase in liver mass approached plateau levels in both 
groups of animals at about 48 hours, in spite of a continuing increase in 
protein and water deposition. This was due to the leveling off of liver 
lipide accumulation at approximately the normal value (250 to 300 mg. 
per 100 gm. of body weight). Readjustment to normal liver composi- 
tion was thus approached. 

The data support the suggestion that the relatively prompt accumula- 
tion of liver lipide as the primary reaction to most types of hepatic injury, 
including partial hepatectomy, may be an essential part of the restoration 
process, and may provide energy for growth and repair. 
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A PHOTOMETRIC METHOD FOR THE DETERMINATION OF 
INULIN IN PLASMA AND URINE* 


By JOSEPH H. ROE, JEROME H. EPSTEIN, ann NORMAN P. 
GOLDSTEIN 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington) 


(Received for publication, December 4, 1948) 


It is generally accepted that, of the substances used to test glomerular 
filtration, inulin is the most satisfactory. For the determination of inulin 
clearance, inulin is injected intravenously and the concentration of inulin 
in blood plasma and urine is estimated. This is accomplished by 
methods based upon the reducing power of the fructose derived from the 
hydrolysis of inulin (1), or upon the reaction of an inulin hydrolysate with 
diphenylamine, giving a blue color (2, 3) or with resorcinol, giving a red (4, 
5) or yellow (6) color. 

The methods for the determination of inulin by reduction and by the 
formation of a blue color with diphenylamine have the serious limitation 
that glucose is an interfering substance which must be removed by treat- 
ment with yeast. These procedures are long and cumbersome because of 
the necessity of preparing a starch-free yeast, treating the solution con- 
taining the inulin with yeast, and running a hematocrit on the yeast sus- 
pension to determine the degree of dilution of the plasma or urine by the. 
yeast. 

Kruhgffer (6) has reported that the results with the diphenylamine 
method are not as accurate, or as reproducible, as those based upon the 
reaction of fructose with alcoholic resorcinol in the presence of hydro- 
chloric acid. The latter reaction, as shown by Roe (7), is specific for fruc- 
tose in the presence of the amounts of glucose found in normal blood and 
urine, and it has been used as the basis of several methods for determining 
inulin in plasma and urine. Of the latter methods the first published was 
that of Steinitz (4) who applied Roe’s method for the determination of 
fructose in blood and urine to the measurement of inulin. This author 
found that maximum absorption of the color used is at 510 my and that 
the Beer-Lambert law was applicable only in narrow ranges of inulin con- 
centration. He used several standard inulin solutions in order to com- 
pare the unknown with the standard that most closely matched it. This 
work was followed by that of Hubbard and Loomis (5) who varied the 
procedure by using half the volumes employed by Steinitz and reading 
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the color at 450 my instead of at 510 my. Kruhoffer (6) has modif 
Roe’s method by combining the resorcinol and hydrochloric acid soly. | 


tions in one reagent and, instead of heating at 80° for 8 minutes, he boils 
the solutions for | hour to obtain a yellow color which is read at 450 my 
To Kruheffer’s method the same objection can be raised as that mentioned 
above; namely, that it is necessary either to remove the glucose with yeast 
or to determine the concentration of glucose present and correct for the 
amount of inulin which it represents. Kruhoffer’s method also calls for 
the unwieldy procedure of boiling the inulin-reagent mixture for 1 hour ip 
sealed tubes. 


With the prevailing techniques for the determination of inulin at one’s 


disposal, a new method for carrying out this procedure would not be justi- 
fied unless there were distinct advantages inherent in it. Our reasons for 
presenting the proposed method are as follows: It is a rapid, simplified 
procedure which does away with treatment with yeast and is highly ae- 
curate. The color development follows the Beer-Lambert law through- 
out the working range of inulin concentrations used in studies of kidney 
clearance The reagent used by Roe (7) has been changed by dissolving 
the resorcinol in acetic acid containing thiourea, instead of in alcohol, a 
modification that appreciably increases the depth of color. The modified 
reagent is also a better mixture for the hydrolysis of inulin, as it contains 
glacial acetic acid in place of ethyl! aleohol. 


Technique of New Method 


Reagents — 

1. Resorcinol-thiourea reagent. Dissolve 0.1 gm. of resorcinol and 0.25 
gm. of thiourea in 100 ce. of glacial acetic acid. ‘This reagent should be 
kept in a brown bottle. 

2. 30.0 per cent hydrochloric acid. To 1 part of distilled water add 5 
parts of concentrated HCI, sp. gr. 1.19. 

3. Standard inulin solution. Prepare a stock inulin solution containing 
1 mg. perce. Dilute this 1:50 to obtain a working inulin standard con- 
taining 0.02 mg. per cc 

4. Somogyi deproteinizing reagents (8). Solution I, 10 per cent 
solution of ZnSO,-7H,O; Solution IL, 0.5 nN NaOH. These solutions must 
neutralize each other precisely, volume for volume, when titration is per 
formed with phenolphthalein as indicator. 


Procedure 


For Plasma—To 1 part of heparinized plasma add 15 parts of distilled 
water, 2 parts of 10 per cent ZnSO,-7H,0O, and 2 parts of 0.5 n NaOH 
Filter through a filter paper free of inuloid material. Place 2 ce. of the 
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filtrate in a colorimeter tube; also pipette into a similar tube 2 ce. of the 
standard solution containing 0.02 mg. of inulin per cc. Add 1 ce. of the 
resorcinol-thiourea reagent and 7 ce. of the 30 per cent hydrochloric acid 
toeach tube. The solution is mixed well by gentle shaking and the tubes 
are placed in a water bath at 80° for exactly 10 minutes. Remove the 
tubes and bring to room temperature by immersing in tap water for 
approximately 5 minutes; during this time it is best to keep the tubes in 
thedark. Dry the outside of the tubes and read in a photoelectric colorim- 
eter, using a filter with a maximum transmission of light at 520 
my. The colorimeter is set by the use of a reagent blank prepared as 
directed below. 

For Urine—The urine is treated with the Somogyi deproteinizing rea- 
gents as above under the procedure for plasma; this removes proteins, if 
present, and at the same time decolorizes the urine. The filtrate is then 
diluted with distilled water until it contains between 0.25 and 3.0 mg. per 
cent of inulin. Diluted urine filtrate is treated as outlined above 
for plasma filtrate. 

For Reagent Blank —Vhe photoelectric colorimeter is set at 100, or the 
null point, by the use of a reagent blank which is prepared by substituting 
2 cc. of distilled water for the 2 cc. of filtrate and proceeding according to 
the directions given for plasma. 

For Plasma and Urine Control Blanks—The plasma blank and urine 
blank are prepared by making filtrates of the control plasma and urine 
obtained before the administration of inulin. ‘These blank values are 
directly determined by treating the filtrates in the manner described under 
the procedure for plasma; this is usually accurate enough for routine clini- 
cal work. 

For more accurate work an additive blank can be used for the control 
plasma and urine. The additive blank is prepared by adding a known 
quantity of inulin to the control plasma and urine filtrates in order to bring 
the developing color within range of greater accuracy of the method. An 
equal quantity of inulin is simultaneously added to a similar volume of 
water to serve as the reference standard for the control filtrates. Then 
both the control filtrates with the inulin added and the reference standard 
are treated with the resorcinol-thiourea solution and hydrochloric acid as 
given under the directions for plasma. Generally the plasma blank is 
larger than the urine blank; the latter is usually so minute that in most 
cases it can be disregarded. 

Calculations—The calculations are the same as those for any determina- 
tion in a photoelectric colorimeter. 

Density of unknown 100 
Density of stand ard standard 


= mg. inuloid material per 


ce. plasma or urine 100 cc. plasma or urine 
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From this value subtract the respective blank values for plasma and urine 

to arrive at the correct concentration of inulin in both fluids. 

Mg. % total inuloid ma- minus mg. % inuloid material in = mg. inulin per 100 c¢ 
terial in plasma or plasma blank or urine plasma or urine 
urine blank 
If an additive blank for plasma and urine is used, the calculations jp. 

volve subtracting the value of the reference standard from the value of 

the additive blank to ascertain the plasma or urine control value. 


DISCUSSION 


With this method, it is necessary to measure all reagents accurately, as 
the depth of color obtained is dependent on the amounts of resorcinol- 
thiourea, glacial acetic acid, and HCl present, as well as on the concentra- 
tion of inulin. All tubes should be placed in the 80° water bath and re. 
moved to cold water exactly at the same time. The red color produced 
is dependent upon the velocity of the reaction at an elevated tem- 
perature; therefore, identical heating and cooling conditions should exist 
in both the standard and unknown solutions. After cooling to room tem- 
perature, the tubes should be read in the photoelectric colorimeter with- 
out delay, as the color begins to fade after standing for 30 minutes. 

The red color obtained with this method is of an excellent quality for 
photometric work. As can be seen in Fig. 1, the curve obtained by the 
new method is in good agreement with the Beer-Lambert law, and the 
red color formed by the present method is more intense than the color 
produced by Roe’s original reagent for fructose (7). The curve in Fig. | 
prepared by Roe’s original method shows poor agreement with the Beer- 
Lambert law, an observation in accord with the findings of Steinitz (4). 
The excellent result obtained with the present method is apparently due 
to the use of acetic acid instead of ethyl alcohol in the reagent used for hy- 
drolysis and color production. The increase in the intensity of the color 
and the close adherence to the Beer-Lambert law make the proposed 
method more sensitive and accurate than previous procedures (4, 5) based 
upon the same principle. 

An absorption curve of the color produced with this method is shown in 
Fig. 2. Maximum absorption occurs in the range of 510 to 520 mz. 

Experiments upon the recovery of inulin added to the plasma and urine 
of fasted patients are presented in Table I. These results show that the 
method is highly reliable for the determination of inulin in plasma and 
urine. In addition they show that the Somogyi deproteinizing reagents 
do not remove a determinable amount of inulin from urine or plasma 
during the preparation of the filtrate. With this procedure the determi- 


nation of very small amounts of inulin can be accurately carried out; also, 


sol 
pro 
cos 
be 


a, 


Tara? 


6 & & 


ROE, EPSTEIN, AND GOLDSTEIN 843 


concentrations as high as 60 mg. per cent are within the range of 
the method without further dilution than that involved in deproteiniza- 


tion. 
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lic. 1. Curves showing agreement with the Beer-Lambert law 
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Fic. 2. Absorption curve of the chromogen formed by a 2 mg. per cent fructose 
solution, Beckman spectrophotometer. 


There is no error from normal concentrations of glucose in this 
procedure because correction is made for the chromogenic value of glu- 
cose by determining the inuloid material in the control blank, which may 
be expected to remain fairly constant during the experimental test on a 
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fasting patient. However, in the determination of a glucose 7, (tubular | 
secretory mass) or in a diabetic patient with a high blood sugar, the use 
of a control blank would not give an accurate result. To show the limits. 
tions of this method in the presence of abnormal concentrations of glucose 
the data of Table II are presented. The chromogenic value of glucose 
under the conditions of this method is small. The effect of glucose is also 
diminished by the dilution required in preparing filtrates. As shown in | 
Table II, the additive error with a blood sample containing 1000 mg. of | 
glucose per 100 cc., if a dilution of 1:20 is used in preparing the filtrate 


TaBLe I 
Recovery of Inulin Added to Plasma and Urine 
Plasma | Urine* 
Added Recovered | | Added Recovered 
mg. per cent me. per cent gm. per cent gm. percent 
25.00 25.50 102 : 2.50 2.52 | 101 
12.50 12.30 | 99 1.25 7 1.27 | 102 
6.25 | 6.18 | 99 | 0.625 0.596 96 


° The urine was diluted 1:100, including the Semesyi deproteinisation step. 


TaBLeE II 


Data Showing Additive Error When Inulin Is Determined in Presence of Different 
Concentrations of Glucose by Proposed Method 


mg. per 100 cc. | mg. per 100 cc. 
100 | 0.00-0.05 0.00-0. 42 
200 0.10-0.15 | 0.83~1.25 
250 | 0.15-0.23 1.25-1.91 | 
500 | 0.27 | 2.25 | 
1000 0.55 4.58 


and the calculations are based on the desirable 12 mg. per cent concentra- 
tion of plasma inulin, would be 4.58 per cent. These data show that the 
error due to glucose is not appreciable until fairly high concentrations of 
glucose in blood and urine are encountered. 


SUMMARY | 


A photometric method for the determination of inulin in plasma and 
urine has been developed. The method is based upon the red color pro — 
duced by warming an inulin-containing filtrate mixed with HCl and s : 
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reagent containing resorcinol and thiourea in glacial acetic acid at 80° for 
10 minutes. 
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THE INFLUENCE OF PTEROYLGLUTAMIC ACID ON 
GLYCINE AND ON PORPHYRIN METABOLISM* 


By JOHN R. TOTTER, ESTHER 8S. AMOS, ann CECILIA Kk. KEITH 


(From the Department of Biochemistry, School of Medicine, University of Arkansas, 
Little Rock) 


(Received for publication, December 20, 1948) 


In earlier Communications we have presented evidence which we con- 
sidered to be suggestive of a relationship between pteroylglutamiec acid 
(PGA) or the antipernicious anemia principle and porphyrin metabolism 
(1,2). Some of the evidence has been indirect and not entirely convincing. 
However, the data in this communication offer unequivocal support to our 
hypothesis, and further provide insight into the mechanism of action of 
PGA in influencing the production of porphyrins. In a previous paper (3) 
it was implied that PGA may also influence the destruction of such por- 
phyrin-containing compounds as hemoglobin, through its inhibitory action 
on certain flavin-containing enzymes. 

It has been shown by Shemin and Rittenberg (4) that portions of the 
glycine molecule are incorporated into the protoporphyrin of hemoglobin. 
Since rats excrete a considerable amount of protoporphyrin, which is 
thought to be produced in excess of their requirement for hemoglobin 
production (5), they are useful subjects for the study of porphyrin me- 
tabolism. In the present experiments the effect of PGA on porphyrin 
excretion has been studied with animals on a standard purified diet and 
ona purified diet containing sodium benzoate. 

Griffith (6) established that a reduction in the growth rate of rats follows 
the inclusion of sodium benzoate in their diets. This reduction was readily 
overcome by the addition to the diet of sufficient glycine to detoxify the 
benzoate. Hle also found that a partial restoration of growth on the 
benzoate-containing diets could be brought about by allowing the animals 
to have access to their feces or by increasing the amount of yeast used as a 
source of the vitamin B complex. In the present experiments the inclu- 
sion of PGA in the diets of sodium benzoate-fed rats was found to result 
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The authors acknowledge the assistance of Dr. James 8. Dinning in the statistical 
analysis of the data, of Doris Warren in the microbiological assays, and of William 
E. Martindale in the care of the animals. 
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in a similar stimulation of growth. PGA may affect the production of : 


porphyrins in the animal body through this effect on glycine metabolism, 

Since glycine may be important as a precursor of uric acid (7), doubtless 
one function of PGA in relation to purines may also be mediated through 
its influence on this amino acid. 


EXPERIMENTAL 


The experimental animals were litter mate rats of the Sprague-Dawley 
strain, weighing initially 41 to 74 gm. They were housed in individual 
cages on a raised screen which allowed the feces to fall through for collec. 
tion. Food and water were available at all times. During certain periods 
as indicated below the animals were transferred to metabolism cages for 
the purpose of collecting urine. The basal diet consisted of Labco casein 
18 gm., sucrose 75 gm., hydrogenated vegetable oil 3 gm., cod liver oil 2 
gm., and salt mixture (8) 2 gm. To each kilo were added inositol 1 gm., 
choline chloride 1 gm., thiamine chloride 5 mg., riboflavin 5 mg., pyridoxine 
5 mg., calcium pantothenate 10 mg., nicotinic acid 20 mg., menadione 
0.25 mg., and biotin 0.024 mg. 3 per cent sodium benzoate replaced an 
equivalent weight of sucrose in three of the diets employed (Groups III, 
IV, and V) and 2.0 per cent glycine replaced an equivalent weight of 
sucrose in the diet of Group V. The diets of Groups II and IV contained 
5 mg. of PGA per kilo. 

Food consumption and body weights were recorded at 4 day intervals, 
and fecal collections were made at the same time. The pellets from each 
group were combined and dried overnight in an oven at 100°. The dried 
feces were then weighed, ground in a mortar, and a sample weighed accu- 
rately for porphyrin determination. 

In the early part of the experiment several 4 day collections were accumu- 
lated before the porphyrin extractions were made. However, it was found 
that this procedure gave lower values than determinations made immedi- 
ately after drying. Consequently, all of the later determinations were 
made as soon as possible after the heating. 

Porphyrin was determined on the sample by extraction with 5 per cent 
HCl. The acid was neutralized to Congo red in the presence of the fecal 
material and several ether extractions carried out. The combined ether 
layers were washed with water and the porphyrin reextracted with small 
portions of 5 per cent HCI until no further porphyrin could be removed from 
theether. The quantity of porphyrin was calculated from the optical den- 
sity of the HCI solutions at 408 my determined on a Beckman spectropho- 
tometer. No effort was made to remove the small amount of coproporphy- 
rin normally present, which has a sharp absorption maximum near 402 
my. The results obtained agreed well with similar determinations made 
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by repeated extraction of the porphyrin from the feces by means of glacial 
acetic acid followed by partition between ether and dilute HCl. 

Urinary porphyrin was extracted by a procedure similar to that of 
Rimington and Hemmings (9), except that 5 per cent HCl was used for the 
second extraction instead of 0.5 per cent HCl. Determinations of the 
coproporphyrin solutions were made at 402 my on the Beckman spectro- 
photometer. The values obtained agree well with those published by Seudi 
and Hamlin (10). 

Pteroylglutamic acid was determined microbiologically (11) by use of 
Streptococcus faecalis (American Type Culture Collection No. 8043) on 1 
gm. samples of the dried feces. 

Hematological studies on peripheral blood were carried out on all animals 
by standard procedures between the 61st and 63rd experimental days. 


RESULTS AND DISCUSSION 


The average growth curves of rats consuming each of the diets are shown 
in Fig. 1. The removal of sodium benzoate from the diet of Group III fora 
10 day period was followed by an immediate resumption of rapid growth. 
This removal was deemed necessary in order to maintain a large enough 
number of animals in the group for control purposes. The mortality on 
the sodium benzoate control diet is usually quite high after the 3rd week, 
especially on a highly purified diet, as was shown by preliminary experi- 
ments. The food consumption and efficiency of food utilization in our 
series closely resemble similar data obtained by Griffith (6) and are not re- 
corded here. 

Table I gives representative data on the fecal dry weight, fecal porphyrin, 
and fecal PGA, as well as coproporphyrin on 2 day urinary specimens col- 
lected from the indicated number of animals from each group. Data ob- 
tained during the period of removal of sodium benzoate from the diet of 
Group III were omitted from Table I. Likewise the data on fecal porphy- 
rin from the early part of the experiment were omitted for reasons discussed 
above. The relative proportions of porphyrin in the early samples, how- 
ever, were Very similar to the later and more accurate determinations given 
in Table I. 

Hematological data obtained at the end of the experimental period are 
presented in Table II. Statistically significant differences were observed 
in the average white blood cell counts as indicated in Table II. 

The addition of sodium benzoate to the purified diet led to a lowered 
fecal porphyrin output which persisted throughout the experiment. The 
reduction was manifest at the end of the first 4 day period of collection, 
hence it cannot be due solely to the lower weight of the sodium benzoate-fed 
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controls. These data are in accord with the known function of glycine jp 
protoporphyrin production (4, 12). 

The reduction in porphyrin production and in the growth of the sodium 
benzoate-fed animals was largely overcome by the inclusion of 500 y of 
PGA per 100 gm. of ration (Fig. | and Table 1). The addition of 2.0 pe 
cent glycine in the absence of added PGA completely overcame the redye. 


TaBLe 
Influence of 3 Per Cent Sodtum Benzoate and of Pteroylglutamic Acid (PGA) an 
Fecal Weight, Fecal and Urinary Porphyrin, and Fecal Pteroylglutamic 
Acid Excretion in Rats 


Averages 
No. of Fecal porphyrin, inary por 
Grou weight per Fecal PGA yhyrin for 2 
No. Diet ant- rat per 37-64th day 
mals : 
| Per gm. Per gm. 
1-20th 37-64th Per rat Per rat Per 1% 
day day | per day per day Fotal em. ra 
I Basal (control) 12 0.138 0.250 4.0 0.78 41.8 2.4 SARS > 
I] + 80 12 0.190 0.221; 8.6 1.44 30.0 3.2 $3 
PGA per 100 
gm. 


III Basal with so- 13 0.100 0.179 2.3 035 270 29 30 24 
dium benzoate | | 
IV Basal with so- 12 0.094 0.191 8.1 1.57 37.2 3.2 46 28 
dium benzoate | | 
+ 500 7 PGA | 
100 gm. | | 
V Basal with so- 12 0.173 0.234 3.0 0.69 52.2 42 40 24 
dium benzoate | | 
and 2.0% gly- 


cine | 


* Average of determinations on collections from four of the 4 day periods. 

t Collections were made between the 37th and 48th experimental day. The num 
ber of animals from which collections were obtained and pooled were, respectively, 
Group I, nine; Group II, nine; Group III, twelve; Group IV, twelve; Group V, 
twelve. 


tion in fecal porphyrin production but sufficed to restore fully the growth 
of the animals only during the first 40 days of the experiment, as shown 
in Fig. 1. Thereafter the growth rate of this group declined appreciably 
below that of the controls not receiving sodium benzoate. 

The addition of PGA to the basal diet increased significantly the fecal por- 
phyrin throughout the experimental period, although no effect on growth 
was observed. 
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The changes observed in the urinary coproporphyrin (Table I) were 
similar to those in fecal porphyrin except that the extra glycine in the diet 
of Group V did not appear to enhance the coproporphyrin output of this 
group appreciably over that of the control group. The coproporphyrin 
data, however, are too meager to establish this conclusion. 

The growth data presented here resemble those obtained by Daft (13) for 
other amino acid deficiencies and for low protein diets. This suggests that 
the effect is a general one on protein metabolism and may be similar for 
many dietary or metabolically produced amino acids. The additional 
studies conducted on the present series of experimental animals enable one 


TaBie Il 
Hematological Data on Peripheral Blood of Rats Fed Purified Diets with and 
without Sodium Benzoate and Pteroylglutamic Acid 


Average 
Group Diet 
Brythto- | Leucocytes Hemoglobin) 
millions thousands gm. per per cent of 
perul. perl. 100 ml. erythrocytes 
I Basal (control) 10 8.5 ai ea 4.1 
Il 5007 PGAper gm. 10 8.4 19.7 16.2 | 
III ‘* with 3°) sodium benzo- 12 7.9 14.4 14.7 | 5.0 
ate | 
IV Basal with 3°, sodium benzo- 11 
ate + 500 7 PGA per 100 gin. 
VY Basal with 3° sodium benzo- 10 14.8 4.2 | 32.8 


ate + 2°) glycine 


* A difference of 2.7 X 10° white blood cells per microliter may be considered to be 
a statistically significant (P = 0.01) difference from the average of the controls 
(Group I). 


to draw some conclusions as to the probable mechanism of action of PGA 


‘in producing its sparing effect. 


Griffith (14) has discussed the possible mechanisms of the growth stimu- 
lation afforded by coprophagy in his experiments. He concluded that the 
extra vitamin B complex obtained by the animals in this way was entirely 
responsible. ‘The data given in Table I provide evidence bearing on the 
possibility that additional glycine could be obtained by intestinal synthesis. 
The fecal dry weights of the control animals consuming a ration with sucrose 
as the source of carbohydrates are about one-fourth of the fecal weights ob- 
served in the similar experiments of Orten and Keller (5), who employed a 
diet containing dextrin. It will be noted that sodium benzoate brought 
about a further decrease in fecal dry weight which was not affected by the 
addition of PGA to the diet. Since the feces from rats consuming a purified 


2 day 

er iy 

m. fat 

>» 


852 PTEROYLGLUTAMIC ACID AND GLYCINE 


e50 T T 1 
I 
230 
Vv 
210k 
2 
2 190 
r 
150 
= 
130+ 
U 
< 
onl 
> 
< 
90 + - 
0 io 20 30 40 50 60 


DAYS ON EXPERIMENT 


Fic. 1. Growth curves of rats receiving a standard purified diet. Curve I, with 
out pteroylglutamic acid (PGA); Curve II, with 5.0 mg. of PGA per kilo of diet; 
Curve III, with 3 per cent sodium benzoate; Curve IV, with 3 per cent sodium ben- 
zoate and 5.0 mg. of PGA per kilo of diet; and Curve V, with 3 per cent sodium ben- 
zoate and 2 per cent glycine. The numbers of animals were respectively twelve, 
twelve, thirteen, twelve, and twelve. During the period of time represented by the 
horizontal bar sodium benzoate was omitted from the diet of the animals repre- 
sented by Curve III. 


diet are in large part dead bacteria, the fecal weight provides some indica- 
tion of the activity of the intestinal flora. It seems unlikely that PGA 
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could stimulate bacterial production of much glycine without influencing 
the fecal weight. [ven though excess glycine appears to restore the intes- 
tinal flora, as indicated by the fecal weights of Group. V, this group does 
not appear to have a consistently high intestinal synthesis of PGA, as 
also shown in Table 1. This is borne out by the reduced white blood cell 
count for this group as compared with those receiving PGA (Table IT). 
It is, therefore, improbable that glycine exercised its growth effect 
through influence on the bacterial production of PGA. 

It is possible that in these experiments PGA acts by reducing the rate of 
oxidative disposal of glycine. If the action were merely a stimulation of the 
detoxication mechanism, additional glycine for the synthesis of porphyrin 
would not have been made available. As suggested in an earlier communi- 
cation (3), this reduction in oxidation may be brought about by interference 
in the action of glycine oxidase, a flavin-containing enzyme known to occur 
in rat liver (15). Alternatively, the metabolic synthesis of glycine by the 
rat may have been stimulated by the PGA. Other possible mechanisms 
are also being investigated. 

Several clinical observations lend support to the view that PGA or the 
antipernicious anemia factor may act by reducing the activity of flavin- 
containingenzymes. Among these may be mentioned the reports of David- 
son and Girdwood (16) who observed the appearance or exacerbation of 
riboflavin deficiency signs after large doses of PGA to pernicious anemia 
patients. West has shown that nitrogen equilibrium in humans with per- 
nicious anemia may be maintained on previously inadequate diets after 
successful treatment with the antipernicious anemia principle (17). This 
could probably be brought about by reduction of an elevated amino acid 
oxidase activity, although doubtless other enzymes are also involved. 


SUMMARY 


Pteroylglutamic acid (PGA) was found to increase significantly the fecal 
and probably the urinary porphyrin excretion of rats fed a purified diet. 

PGA largely reversed the growth inhibition and reduction in porphyrin 
excretion caused by feeding 3 per cent sodium benzoate to rats maintained 
on a purified diet. Glycine at a 2 per cent level not only wholly prevented 
the reduction in porphyrin excretion caused by the sodium benzoate but 
significantly increased the porphyrin above that of control animals receiving 
neither sodium benzoate nor PGA. 

Sodium benzoate fed at a3 per cent level reduced by about one-fourth the 
fecal dry weight of rats fed a purified diet with or without added PGA. The 
reduction in fecal weightwas prevented by addition of 2 per cent glycine to 
the diet. 

Rats fed 3 per cent sodium benzoate in a purified diet not containing PGA 
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had average white blood cell counts significantly lower than animals on 4 
similar diet containing PGA. The addition of 2 per cent glycine did nor 
raise the white blood cell count of rats on a sodium benzoate-containing diet 
in the absence of dietary PGA, although it markedly increased the growth 
rate. 

Sodium benzoate at a 3 per cent level in purified diets reduced the fees! 
PGA excretion when calculated either per day or per gm. of dried feces. 
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THE ROLE OF LEAD IN THE REDUCTION OF THE 
ERYTHROCYTE SEDIMENTATION RATE BY 
HYALURONIDASE 


By C. R. B. BLACKBURN* 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Presbyterian Hospital, New York) 


(Received for publication, December 15, 1948) 


It has been recorded that the increased erythrocyte sedimentation rate 
(ESR) of some pathological blood specimens, especially from patients 
with rheumatic fever, was decreased or abolished by incubation with cer- 
tain preparations of hyaluronidase (1, 2). This effect was shown to be 
due to changes produced on the erythrocytes and not on the plasma 
(2); the erythrocytes were changed to spherocytes and so failed to form 
the rouleaux necessary for rapid sedimentation.' 

The action on erythrocytes was considered to be enzymatic in nature 
(2), since it was dependent on time and temperature. However, the 
supposed enzyme was not identical with hyaluronidase, since the effect: 
on the ESR did not parallel the hydrolyzing power of hyaluronidase on 
hvaluronic acid.' The preparations of hyaluronidase, which were all 
made from ram or bull testes by ammonium sulfate and lead acetate 
fractionation (3), did not all have the same activity on the ESR. It 
had been found that these enzymes lost their activity on the ESR if they 
were treated with NaS, rather than by dialysis, for the purpose of re- 
moving lead (4). 

The experiments reported here were performed to determine the na- 
ture of the action of hyaluronidase preparations on human erythrocytes. 
All the hyaluronidase preparations were made and supplied by Dr. Karl 
Meyer. 


Methods 
Samples of human blood or suspensions of washed human erythrocytes 


in isotonic sodium chloride solution were used in all experiments and, as 
a routine, specimens were incubated with the enzyme preparation at 37° 
for 60 minutes. The hyaluronidase preparations were dissolved im- 
mediately before use in the erythrocyte suspending medium. After 
incubation the erythrocytes were separated from the suspending medium, 
washed once with saline (slow centrifugation was used to avoid cell dam- 


* Rockefeller Foundation Fellow of the University of Sydney. 
‘Ragan, C. A., unpublished data. 
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age), and suspended in twice their volume of 6 per cent low viscogit; 
gelatin. The ESR in gelatin was recorded as the per cent drop in th 
cell column after the suspension had stood for 60 minutes in Westergre; 
tubes at room temperature. Hematocrit measurements were made jz 
large (6 ml.) tubes spun at 3000 r.p.m. for 30 minutes on a horizontg 
centrifuge (radius, 15 em.). Sodium and potassium determinations wer 
made on cell suspensions or suspending fluids with a flame photomete 
employing an internal lithium standard.? Lead was determined by the 
diphenyl thiocarbazone method (5), and the readings made at 510 my op 
a Coleman model 14 spectrophotometer. Hemolysis was estimated by 
determining the hemoglobin concentration on the suspending fluid in , 
Klett-Summerson photoelectric colorimeter. 


TaBLe 


Volume Changes and Potassium Loss of Erythrocytes Resulting from Their Incubation 
with Hyaluronidase (Preparation 834A) 

48 per cent suspension of normal human erythrocytes in citrated plasma; inev. 
bated for 60 minutes at 37°; no hemolysis in any preparation. 


| 


added Pla t 
Hematocrit 
K* Na* 
me. per i. am. 
“ 48.0 4.5 147.5 
0.025 | 46.8 4.5 147.5 
0.050 46.8 4.8 147.0 
0.10 44.9 9.0 145.4 
_ 39.0 28.4 128.0 
EXPERIMENTAL 


Five of the ten hyaluronidase preparations tested were active when in- 
cubated with human erythrocytes, but one particularly active prepara 
tion, known as Preparation 34A, was used in the majority of experiments. 
This preparation, in a concentration of 0.1 mg. per ml. of erythrocytes, 
had a marked effect on the ESR of either blood or erythrocyte suspensions 
incubated with it. 

Incubation of erythrocyte suspensions with this enzyme resulted in 4 
marked diminution of hematocrit with an accompanying increase in CoD- 
centration of potassium in the suspending medium. As shown in Tables 
I and II, the diminution in ESR, the decrease in hematocrit, and the it- 
crease in potassium concentration in the suspending medium were closely 
correlated. It seemed possible that the loss of potassium and water from 


? Flame photometer built and loaned by Dr. Gilbert H. Mudge. 
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the cells with consequent diminution in volume and assumption of the 
spherical form physically interfered with the formation of rouleaux. 
The latter are essential for the rapid sedimentation of erythrocytes. 

As a result of these observations the loss of potassium from the eryth- 
rocytes, as reflected by the increase in concentration in the suspending 
medium, was selected as the most satisfactory measure of the activity of 
enzymes (or other substances with similar action) on erythrocytes. 

Since it Was known that lead had been incompletely removed from some 
preparations of hyaluronidase (this lead was without effect on the enzy- 
matic hydrolysis of hyaluronic acid),* the concentration of this element 
was determined in ten preparations of hyaluronidase. Five of these 


Taste I] 


Relation of ESR to Potassium Loss from Erythrocytes Incubated with Hyaluronidase 
(Preparation 344A) 

48 per cent suspension of washed normal human erythrocytes in isotonic sodium 
chloride solution; incubated for 60 minutes at 37°. ESR determined in 6 per cent 
gelatin solution. Hemolysis (expressed as a per cent of the total erythrocytes in 
the system) was between 0.08 and 0.12 per cent in the first six tubes and 0.15 per cent 
in the last two tubes. 


Preparation 34A added per ml. K* in supernatant after 
incubation 


Erythrocyte sedimentation rate 


of erythrocytes 

ome. por he. por |. 
0 63 3.7 
0.02 61 3.9 
0.035 56 5.1 
0.06 | 15 16.7 
0.10 | 1.5 | 26.0 
0.165 | 0.5 31.7 
0.27 <0.5 | 31.8 


0.45 | <0.5 | 33.7 


were found to contain no lead (less than 0.5 y in 5 mg.) but the other five 
contained from 0.5 to 106 y per mg. (Table III). 

Erythrocytes suspended in isotonic saline were incubated with these 
ten preparations of hyaluronidase and the concentration of potassium in 
the supernatant fluids determined after incubation. The results of this 
experiment are set out in Table III, in which it will be noted that slight 
hemolysis occurred in several tubes, though insufficient to cause the 
changes in potassium concentration. It is apparent that only those 
Preparations of hyaluronidase containing lead were active on erythro- 
cytes. 


* Meyer, K., and Ragan, C. A., unpublished data. 
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It is well recognized that lead has a marked effect on erythrocytes ey. 
posed to it; it is concentrated on the erythrocyte when added to whole 
blood (6) and it has a marked effect in increasing the permeability to 
potassium (7). Aub et al. (8) studied the effect of lead on the osmotic 
resistance of erythrocytes to hypotonic saline solutions and reported that 
their resistance was greatly increased. Similar observations were made 
on erythrocytes that had been exposed to our hyaluronidase preparation 


Taste IIl 


Relation of Lead Content of Hyaluronidase Preparations to their Activity in Causing 
Erythrocyte Potassium Loss and Hemolysis 


40 per cent suspension of washed normal human erythrocytes in isotonic sodium 
chloride solution; incubated for 60 minutes at 37°. 


Hyaluronidase preparation 


— : K* in super- H 
Enzyme | Pb** 
| per mg. | me. | m.eq. per |. 
Galine controls 0 | 0 1.1-1.2 0.10.4 
_ (4 experiments) | 
| 20.4 (0.3 
106 5.3 2.0 0.1 
| | 0.10 10.6 6.8 0.2 
0.20 21.2 17.9 0.1 
81 | 9.5 0.50 4.8 2.0 0.1 
1.00 9.5 8.7 0.1 
2.00 19.0 23.1 0.2 
38G +0.5 10.00 +5 7.3 3.4 
57C +1.5 1.0 +1.5 1.7 | 0.1 
61 0 10 0 0.9 | @.2 
43B 0 | §.0 0 1.2 0.1 
38E 0 5.0 0 1.3 0.3 
25A 0 4.0 0 1.3 0.1 
25B 0 3.0 0 1.3 0.1 


No. 34A, a lead-containing preparation. It was found that only 12 per 
cent of erythrocytes that had been incubated with this hyaluronidase 
were hemolyzed after 60 minutes suspension in 0.30 per cent saline solu- 
tion at 37°, in contrast to over 99 per cent hemolysis of the control 
erythrocytes (incubated with normal saline) in the same _ hypotonic 
saline solution. 

The amount of potassium released from erythrocytes following the addi- 
tion of lead depended on the amount of lead added. ‘Table IV sets out 
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the results of an experiment demonstrating this effect. Similar results 
have been obtained with other lead salts; for example, Pb(NOs)2 with 
erythrocytes washed and suspended in isotonie NaNOs, Pb(CHsCOO)s 
with erythrocytes washed and suspended in isotonic CH;COONa, PbCh, 
with erythrocytes washed and suspended in isotonic NaCl. 


TaBie IV 
Effect of Lead on Potassium Loss from Erythrocytes 


5 per cent suspension of normal washed human erythrocytes in isotonic sodium 
chloride solution; incubated for 60 minutes at 37°; Pb** added as Pb(CH;COO)s. 


Pb** added ~~ Hemolysis 
y per mi. cells m.eq. perl. per cent of cells 
0 0.24 0 
5 0.40 
10 0.83 0 
20 4.20 0 
40 4.59 0 
160 5.20* 0.45 


* The lose a all the erythrocyte potassium (equivalent to 100 per cent hemelyela) 
would have resulted in a concentration of 5.32 m.eq. of K* per liter. 


TABLE V 
Effect of Addition of Lead Nitrate to Rapidly Sedimenting Blood 


To aliquots of 1.5 ml. of oxalated blood were added 0.4 ml. of isotonic NaNOs 
(control) and 21 y of Pb** (as Pb(NQOs),) in 0.4 ml. of isotonic NaNO; and incubated 
for 40 minutes at 37°. Blood specimens were then drawn into Westergren sedimen- 
tation tubes and the fall i in erythrocyte columns determined. 


Fall of column, per cent 


initial — 
Af ter 60 min. “After 135 min. 
Blood + NaNO; (control) .. sigh ak ll 28 


—— 


Some rapidly sedimenting blood was obtained from a patient with 
rheumatoid arthritis, and lead was added to it. This was to confirm the 
theory that hyaluronidase preparations affected the ESR by virtue of 
the lead they contained. Table V clearly shows that the addition of 
lead lowered the elevated ESR of this blood. 

Microscopic examination of erythrocytes which had been incubated 
in plasma containing added lead revealed the typical changes associated 
with exposure to this metal. The cells became crenated, then shrunken, 


nt of 
ls 

per 

idase 

solu- 

ntrol 

onic 
addi- 
3 oul 


S60 ERYTHROCYTE SEDIMENTATION RATE 


and finally small spheres with smooth or finely crenated surfaces. These 
erythrocyte changes were associated with a diminution in hematoerit 
and could not be distinguished from the changes described as taking 
place after exposure to lead-containing hyaluronidases. 


SUMMARY 


Of ten preparations of hyaluronidase tested only five were active jn 
reducing the ESR, and these five preparations contained lead. None of 
the five inactive preparations contained demonstrable lead. The relative 
activity of the various preparations was proportional to their lead con- 
tent. The addition of lead salts to rapidly sedimenting blood, or to 
erythrocyte suspensions, reproduced all the phenomena associated with 
the addition of lead-containing hyaluronidases. No evidence was ob- 
tained that hyaluronidase preparations had any action on erythrocytes 
except by virtue of the lead they contained. 

The precise mode of action of lead and other heavy metals in causing 
loss of potassium from erythrocytes is subject to current investigation. 
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COMPOUNDS UPON TYROSINE METABOLISM 
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(From the Department of Pediatrics and Division of Nutrition of the Departments of 
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The ingestion of large amounts of aromatic amino acids included in diets 
practically devoid of ascorbic acid results in the urinary excretion of several 
intermediary metabolites of these substances in both guinea pigs (1, 2) 
and premature infants (3). The abnormal constituents of the urine fol- 
lowing tyrosine ingestion have been identified as p-hydroxyphenylpyruvie 
acid, p-hydroxyphenyllactic acid, and small amounts of tyrosine (1, 3). 
Homogentisic acid has also been recovered from guinea pig urine (1). The 
degree of hydroxyphenyluria observed seems to depend upon the duration 
of the scorbutigenic régime as well as the amount of tyrosine ingested (2). 
This apparent defect in tyrosine metabolism disappears following the ad- 
ministration of small amounts of l-ascorbic acid (1, 2, 4). 

The failure of d-isoascorbic acid to produce the same effect, except in 
doses 20 times that of the naturally occurring isomer (1), suggests that the 
vitamin C activity of this compound is the essential property involved. 
This hypothesis is confirmed by the observation of transitory and minimal 
responses following the administration of several dicarboxylic acids of the 
Krebs cycle (5) and liver extract (4, 6) as well as the failure of the longer 
recognized components of the vitamin B complex to influence the meta- 
bolic aberration. 

The reports that pteroylglutamic acid (PGA) increased the oxidation 
of tyrosine by suspensions of liver from sulfonamide-treated rats (7) and 
that the high excretion of phenolic compounds by patients having perni- 
cious anemia in relapse was reduced by liver therapy (8) suggested to us 
that PGA might have an effect upon the tyrosine metabolism of the scor- 
butic guinea pig. Results have been presented demonstrating that PGA 
abolishes the hydroxyphenyluria of tyrosine-fed guinea pigs on a scorbuti- 
genic diet (9). This report provides additional details of the methods 
employed in these studies and presents further studies showing the pre- 


* These studies were financed by grants to the Division of Nutrition from the 
National Vitamin Foundation, the Nutrition Foundation, Inc., and the Interna- 
tional Health Division of the Rockefeller Foundation. 
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vention of this defect by continuous administration of PGA. In addition 
the influence of some related substances has been studied. 


Methods 


Albino guinea pigs of both sexes weighing approximately 300 gm. were 
housed in wire bottom cages and fed a scorbutigenic diet of the following 
composition: skimmed milk powder heated for 2 hours at 100°, 30; rolled 
oats (fortified), 39; wheat bran, 20; sodium chloride, 1; cod liver oil, 2; 
and cottonseed oil, 8 per cent. A sample of this diet was found to contain 
approximately 0.8 y per gm. of total pteroylglutamates as determined by 
microbiological assay.' This diet plus ascorbic acid or cabbage in suitable 
amounts permitted growth and maintained the animals in good condition 
for periods up to several times the length of those represented by the " 
present study. During the experimental periods 5 per cent L-tyrosine 
(General Biochemicals) was incorporated in the diet and the animals were 
kept in metabolism cages of the usual type. Collections of urine were 
made for serial 24 hour periods in bottles containing 2.5 ml. of 2 x HC! 
and a small amount of mineral oil. The urines were diluted to a standard 
volume of 100 ml., cleared with 1.5 gm. of Lloyd’s reagent, and the filtrates 
stored in the cold until analyzed. Control runs demonstrated the stability 
of the several aromatic fractions measured under these conditions. | 

Determinations of total hydroxyphenyl compounds were made by a 
photoelectric adaptation of the method of Folin and Ciocalteu (10) and 
expressed as tyrosine. Keto acids were estimated by an adaptation of the 
procedure of Friedemann and Haugen (11), and the standardization made 
against phenylpyruvic acid. Homogentisic acid was measured by the 
method of Neuberger (12). The results are expressed as per cent of the 
added tyrosine intake for the two preceding 24 hour periods. Ascorbic 
acid, when administered, was fed daily by pipette directly into the mouths 
of the animals. PGA and related compounds were injected subcutane- 
ously. The liver extract was given intramuscularly. 


EXPERIMENTAL 


Four pairs of animals were fed the basal diet plus 5 per cent L-tyrosine 
over a 20 day period. Group I served as controls and received no supple- 
ments. Group II was given a supplement of 5 mg. of PGA daily.2. Group 


! This analysis was kindly performed for us by Dr. Paul L. Day of the Department 
of Biochemistry, University of Arkansas School of Medicine, Little Rock. 

* Administered as a solution of folvite (Lederle). We are grateful to Dr. Stan- 
ton M. Hardy and Dr. Thomas H. Jukes of the Lederle Laboratories Division, Ameri- 
can Cyanamid Company, for generous supplies of the pteroylglutamates and crude 
methylfolic acid used in these studies. 
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III received 25 mg. of ascorbic acid daily. Group IV received both vita- 
mins in the dosages indicated above. The average 24 hour excretions of 
hydroxypheny! (as tyrosine) for the 20 day period were 37.3 + 16.5, 
6.6 + 4.1, 5.2 + 1.0, and 4.6 + 2.2 per cent of added dietary tyrosine 
respectively for Groups I through IV. Homogentisic acid exeretion was 
minimal for all groups. The data for the individual animals and groups 
were consistent. Individual charts depicting the data on four of the ani- 
mals are found in Fig. 1. Additional studies of serum ascorbic acid con- 
centrations as influenced by the pteroylglutamates will be considered in a 


CONTROL PGA ASCORBIC ACID ASCORBIC ACID 
5 MG.S.C. 25 MG. PO. AND PGA 
INTAKE 
MG. 


0.0 once 


WEIGHT 350] 
GMS. 
300- 


KETO ACIOS 


40- 


0 T 
DAY OF EXP O 10 20 0 10 20 O 10 20 0 10 
Fic. 1. The effectiveness of pteroylglutamic acid (subcutaneously) and ascorbic 
acid (orally) in the prevention of hydroxyphenyluria in tyrosine-fed guinea pigs. 
These data illustrate the daily variability of observations in a typical experiment. 


subsequent report.? In a second experiment the amount of tyrosine in- 
gested was equalized by administering it by pipette in aqueous suspension, 
as was done by Painter and Zilva (2). The animals did not tolerate this 
procedure well and consumed but little of the basal diet. Owing to the 
poor condition of all of the animals the experiment was terminated on the 
9th day of tyrosine supplementation. However, the results presented in 
Table I are comparable to the first experiment. Homogentisic acid excre- 
tion by these animals was not determined. These data confirm the pre- 


*Stockell, A. K., Woodruff, C. W., and Darby, W. J., to be published. 
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liminary findings previously reported and show the similar effects of both | 
Vitamins. | 
Exeretions of keto acid and homogentisic acid of less than 1 per cent of 
the added tyrosine are probably not significant. The average excretion of 
hydroxyphenyl compounds for all of the treated animals was 5.4 + 258 
and probably represents the “normal” excretion of these substances under 
conditions of tyrosine feeding. Quite similar results were obtained by 
Painter and Zilva (2), although they administered glycylt yrosine parenter. 
ally in various dosages. Whenever significant hydroxyphenyluria occurs 
an essentially constant ratio of keto acids to total hydroxyphenyl com. 
pounds has been found (2). Our studies confirm this finding. Since the 
p-hydroxyphenylpyruvic acid is also measured quantitatively as hydroxy. 
phenyl, the more time-consuming keto acid determinations have been 


TABLE I 


Effects of Ascorbic Acid and PGA upon Hydroxryphenyluria of Tyrosine-Fed 
Guinea Pigs Receiving Standard Dose of 700 Mg. Daily by Pipette during 
Period 


No. of 
Vitamin supplement determi- dietary 
nations intake 
Keto acids 


. cent added cont added } 


tyrosine 
None 3 25 4 4.04 10.7 12.047. 
Ascorbic acid, 25 mg. 2 18 13 9242 62 3.02434 
daily by mouth 
PGA, 5 mg. daily subcu- 3 24 5 65+ 1.9 0420.1 


taneously 


omitted in subsequent experiments except for occasional estimations in 
each new situation. 

Five guinea pigs were placed on the scorbutigenic diet adidas 5 per 
cent L-tyrosine. After 4 to 7 days on the diet the excretion of hydroxy- 
phenyl compounds was measured for 2 to 3 days. For the next 4 days 
each animal was given 5 U. 8. P. units of concentrated antipernicious 
anemia liver extract daily. The excretions were measured during the 
liver extract treatment and for 2 or 3 days after the completion of the 
injections. The results are reported in Table II. No significant decrease 
in hydroxyphenyluria was noted during the treatment period. Homo- 
gentisic acid determinations were not made. This batch of liver extract 
had been assayed clinically.4. Obviously 5 units of active antipernicious 
anemia liver extract did not alter the hydroxyphenyluria. 


‘We wish to thank Dr. Thomas H. Jukes of the Lederle Laboratories Division 
for making this information available to us. 
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The action of two synthetic conjugates of PGA in preventing the defect 
has been studied. Pteroyldiglutamic acid and pteroyltriglutamie acid® in 
doses equivalent to 5 mg. of PGA were given daily to two pairs of guinea 
pigs receiving the basal diet containing 5 per cent L-tyrosine. Another 
pair served as controls. These animals were not albinos. The excretion 
of homogentisic acid and hydroxypheny! compounds between the 11th and 
16th days on the diet is reported in Table II]. These days coincided 
with the greatest excretion of metabolites by the control animals. The 


TABLE I] 


Effect of Daily Intramuscular Injection of 6 Units of Purified Liver Extract 
upon Hydroryphenyluria of Five Tyrosine-Fed Guinea Pigs 


Average 24 hr. 


N { A : 
determi- | tyrosine |, of 
nations | intake | compou + §.D. 
| | 
Before treatment, 2 or 3 days. . 12 | 486 | 20.9 + 14.0 
After . 2 or 3 days....... aitnlts 13 411 25.9 + 14.6 
i 


Ill 


Effects of PGA Conjugates on Hydrozyphenyluria of Tyrosine-Fed Guinea Pigs 
during 6 Day Pertod 


The results represent twelve determinations on two animals. 


- 


Average Average excretion per 24 hrs. + s.p. 

compounds acid 
Pteroyldiglutamic acid subcutaneously 0.5 40.27 
Pteroyltriglutamic | 3.74 1.0 (3.824 1.98 


* Administered in doses equivalent to 5 mg. of PGA daily. 


effect of the trighutamate was comparable to that of PGA, while the di- 
glutamate had no apparent effect upon tyrosine metabolism under these 
conditions. 

Although Sealock and Silberstein (1) identified homogentisic acid in the 
urine of guinea pigs excreting hydroxyphenyl compounds under conditions 
similar to those employed in the present study, Painter and Zilva (2) failed 
to confirm this observation. The inconstant presence of alkaptonuria in 


* Administered as diopterin and teropterin (Lederle), respectively. 
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the experiments here reported and its occurrence only in the absence of 
significant hydroxyphenyluria suggested that the excretion of homogentisie 
acid by tyrosine-fed guinea pigs may not be related to this apparent defee 
in tyrosine metabolism. We have attempted to produce a deficiency oj 
PGA in several animals by including a metabolic antagonist, crude methy|- 
folic acid (13), in the basal diet at a level of 1 and later 2 per cent, supple. 
menting this diet with 25 mg. of ascorbic acid daily and 5 per cent 1. 
tyrosine as in the previous experiments. The one surviving animal at 65 
days was still gaining weight and had normal hematological findings 
There was no hydroxyphenyluria. Homogentisie acid excretion® reaching 
a level of 10 per cent of the added tyrosine appeared at about the 3rd week. 
Treatment with 5 mg. of PGA daily for 1 week failed to alter the homo. 
gentisic acid excretion. The appeararice of alkaptonuria during ascorbir 
acid ingestion and its failure to disappear following the administration of 
large amounts of PGA would also suggest that some other mechanism js 
involved in its production. Further investigations of this subject are nov 


in progress. 
DISCUSSION 


These experiments show that PGA will both prevent and abolish the 
hydroxyphenyluria seen in guinea pigs fed diets containing large amounts 
of tyrosine and devoid of vitamin C. Similarly, pteroyltriglutamie acid 
will prevent its development. However, in the two animals studied, the 
diglutamic derivative was without effect. In curative experiments em- 
ploying a liver extract of known antipernicious anemia potency, no signili- 
cant effect was found. Sealock and Lepow (6), who employed slightly 
different dietary conditions and measured the keto acid rather than the 
total hydroxypheny!] excretion, used larger amounts of liver extract. How- 
ever, the moderate reduction in keto acid excretion which they have re- 
ported is considerably less than that which we find after 5 mg. of PGA. 
This difference in results may be a manifestation of the qualitative differ- 
ence between PGA and the antipernicious anemia substances present in 
liver extract as well as the difference in dosage. Studies on the effect oi 
vitamin By on hydroxyphenyluria are in progress. 

Several examples suggesting an interrelationship between ascorbic acid 
deficiency and megaloblastic anemias may be found in the literature. 
This subject has recently been discussed by R. W. Vilter (14) who cites 
two cases of pernicious anemia from the British literature which appeared 
to be unresponsive to liver therapy until ascorbic acid was administered. 
The experience of Dyke et al. (15) is especially interesting because a review 


* We are indebted to Dr. H. B. Lewis for the sample of homogentisic acid used i 
the standardization of our method. 
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of all their cases of pernicious anemia maintained on liver therapy showed 
a slight, temporary reduction in red cell counts simultaneously with an 
increase in clinical scurvy in the British Isles (16) during the spring of 
1942. The anemia seen in patients with clinical scurvy is occasionally 
macrocyti¢c in type and often improves on hospital diets low in vitamin © 
without specific treatment (17). In six of twelve patients with nutritional 
macrocytic anemia or pernicious anemia in relapse, showing biochemical 
evidence of vitamin C deficiency, the daily administration of 500 to 1000 
mg. of ascorbic acid was followed by reticulocyte responses (18). Recent 
investigations of megaloblastic anemias in infants have revealed a re 
markably frequent occurrence of diets practically devoid of vitamin © 
among the anemic children. Eleven of the twenty-five patients reported 
by Zuelzer and Ogden (19) and all of the fourteen patients receiving a simu- 
lated breast milk reported by May (20) had partaken of diets quite low in 
ascorbic acid. The observations on tyrosine metabolism in pernicious 
anemia Which suggested the present study constitute another example 
from investigations on the human which strongly indicate a possible meta- 
bolic interrelationship between ascorbic acid and the hemapoietic vitamins. 

The effect of PGA upon this apparent defect in tyrosine metabolism in 
premature infants has recently been studied (21). In four of ten infants 
developing hydroxyphenyluria while receiving high protein diets devoid of 
vitamin C, the administration of 5 to 30 mg. of PGA daily resulted in a 
diminution in the excretion of these compounds. Subcutaneous injection 
of this vitamin was found to be more effective than oral administration, a 
finding in keeping with our experience in guinea pigs (9). 

The observations of Johnson and Dana (22) that scorbutic symptoms 
appeared in rats maintained on a PGA-deficient diet and that a response 
followed ascorbic acid administration seemed to provide further experi- 
mental evidence of an interrelationship between these two vitamins. John- 
son’ has indicated, however, that this effect may not be a specific one, but 
that it is more probably related to the quantity of food consumed by the 
animals, 


SUMMARY 


1. The hydroxyphenyluria produced in guinea pigs fed scorbutigenic 
diets containing 5 per cent L-tyrosine is prevented by both PGA and its 
trigutamic homologue as well as by ascorbic acid. These pteroylglu- 
tamates do not protect the guinea pig against scurvy. 

2. Neither pteroyldiglutamic acid nor liver extract in the amounts used 
had a demonstrable effect upon the hydroxyphenyluria. 


* Johnson, B. C., personal communication. 
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3. Observations upon the excretion of homogentisic acid under these 


conditions are reported. 
4. Possible interrelationships between the metabolic réles of PGA and 


ascorbic acid are discussed. 
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METABOLIC STUDIES ON T, ESCHERICHIA COLI 
BACTERIOPHAGE 


L ASTUDY OF DESOXYPYRIDOXINE INHIBITION AND ITS REVERSAL 


By JERALD G. WOOLEY ano MARIE kK. MURPHY 


(From the Experimental Biology and Medicine Institute, National Institutes of 
Health, Bethesda, Maryland) 


(Received for publication, December 2, 1945) 


As part of the studies on chemotherapeutic agents capable of combating 
virus infections, we have investigated the effect of certain chemical com- 
pounds on the multiplication of bacteriophage. It was hoped that infor- 
mation obtained might be applied to studies on viruses in animals. 

Many compounds were studied for their effect on the multiplication of T, 
Escherichia coli bacteriophage. Of those tested, it was found that desoxy- 
pyridoxine (2 ,4-dimethyl-3-hydroxy-5-hydroxymethylpyridine') markedly 
interfered with the multiplication of the bacteriophage without materially 
affecting the rate of growth of the bacteria. 


Materials and Methods 


The T.r*+ bacteriophage? was used in these studies. This phage has a 
high mutation rate to a type giving larger, smooth types of plaques. Such 
variants have different nutritional requirements than the r* wild type. To 
maintain the r+ type, it was necessary either to go back to the dried 
original culture or frequently to pick from plate cultures plaques show- 
ing the desired characteristics. 

The stock bacteriophage was prepared by adding approximately 10’ 
Escherichia coli cells from a 4 hour broth culture and 10° bacteriophage 
particles to each ml. of tryptose phosphate broth. ‘The cultures were 
incubated at 37° for 4 hours and filtered. This filtrate, which contained 
about 10" phage particles, was stored at 5°. The culture of Escherichia 
coli Was maintained by transfers to nutrient agar slants each week. 

The experimental medium contained 0.5 per cent acid-hydrolyzed casein, 
0.2 per cent glucose, 10 mg. per cent cystine, 1 mg. per cent each of adenine 
sulfate, guanine hydrochloride, and uracil, and 0.25 per cent each of mineral 
Salts A and B (1). The medium and the compounds to be studied were 
adjusted to pH 7.2 with sodium hydroxide. 


' We are indebted to Merck and Company, Inc., Rahway, New Jersey, for sup- 
plying us with generous portions of this compound. 

* Received through the courtesy of Dr. M. R. Zelle, formerly of the National In- 
stitutes of Health. 


569 


these | 
Be 
May 


S70 COLI BACTERIOPHAGE. 1 


Test-tubes were set up containing 2 ml. of the medium and the com. 
pounds to be studied. These were sterilized at 120° for 10 minutes in g 
~team pressure autoclave. The Escherichia coli suspensions were prepared 
by inoculating tryptose phosphate broth from a recent agar slant culture. 
This was incubated for 18 hours. From this a 4 hour broth culture was 
made. The cells were washed twice with 0.85 per cent NaCl solution and 
brought to the original volume. 0.1 ml. of bacteriophage suspension con- 
\aining approximately | X 10° phage particles and 0.1 ml. of the Escherichiq 
colt suspension Was added to each ml. of the test medium. The tubes were 
incubated for the desired length of time. Plaque counts were made by 
the two-layer plate method of Hershey et al. (2). 


TABLE I 
Effect of Desorypyridozine on Multiplication of Escherichia coli and of T, 
Bacteriophage 
Five tests each. 
After 3 brs. After 5 brs. 
Control 61 1.6 X 10° 
73 (9.4 105) tit) (4.8 X 10°) 
6u (1.7 X 10°) 57 (2.2 X 105) 
Desoxypyridoxine, 0.5 mg. per 74 3.7 10° 6S 1.9 10’ 
mi. 76 (5.6 10%) 71 (5.1 & 10°) 
72 (1.0 K 10°) (2.1 10°) 


The figures in parentheses indicate the range. 
* Evelyn photometer readings; 100 = no growth. 
t Plaque counts of phage particles. 


Evelyn colorimeter tubes containing 10 ml. of the medium and com 
pounds to be tested, in amounts per ml. equal to the contents of the smaller 
tubes, were prepared and sterilized. The tubes were inoculated with 
Escherichia coli, incubated, and read turbidimetrically. 


Results 


The data presented represent several tests with each of the substances. 
Tables I to VI give average values and ranges encountered in the various 
experiments. The effect of desoxypyridoxine on the multiplication of T: 
bacteriophage is shown in Table I. The plaque counts at 0 and after | 
hour’s incubation were similar in both tubes. After 3 and 5 hours a 
marked difference in phage production was noted. The number of phage 
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particles in the tubes containing the desoxypyridoxine was approximately 1 
per cent of that in the controls at the end of the 5 hour incubation. The 
bacterial growth in the tubes inoculated with Escherichia coli alone showed 
very little difference whether desoxypyridoxine was in the medium or not. 
In five tests the colorimeter readings of the control tubes after 5 hours 
incubation ranged from 57 to 66, while those containing the drug ranged 
from 64 to 71. It is also shown in Table II that desoxypyridoxine had 
little effect on the number of viable bacteria at any period of exposure 
from 0 to 5 hours at 37°. 

The inhibiting effect of desoxypyridoxine on phage production was com- 
pletely neutralized by pyridoxine when as little as 0.01 mg. per ml. was 


TaB_e II 
Effect of Desorypyridorine on Growth of Escherichia coli Determined by Plate Count 


' Duration of incubation 
No. 


| 0 1 hr. 2 brs. 


1.6 X 10’ 


l Control x 1 4 
x 3.0 107 2.0 X 10° 
x 1 l 


2 
Desoxypyridoxine, mg. perml.| 1, 
2 


2 Control 2. Oo | 9.9 X 105 


Desoxypyridoxine, | mg. perml.| 2. 9 107 

| 3 hrs. 4 hrs. Shes. 
1, | Control 1.1 10° | 2.110% 2.9 10° 
| Desoxypyridoxine, 1 mg. per ml. 1.5 X 10° 1.5 X 10° 2.0 X 108 
2 | Control (5.4 x 10’ 1.9 X 105 2.4 X 108 
| Desoxypyridoxine, 1 mg. per ml. 5.2 10? 1.5 X 105 1.5 108 


added to tests containing 0.5 mg. of the vitamin analogue (Table III). 
Smaller amounts of pyridoxine were not tested. 

Many compounds were studied for their influence on the drug inhibition 
of the phage. Some members of two general classes of compounds were 
found to neutralize the inhibition of the phage production. These were 
fatty acids and intermediates of carbohydrate metabolism. 

Fatty Acids—The effect of fatty acids on desoxypyridoxine inhibition of 
phage is shown in Table IV. 5 mg. of formic, acetic, butyric, or valeric 
acid completely neutralized the inhibition caused by 0.5 mg. of desoxy- 
pyridoxine. 5 mg. of propionic acid, which markedly inhibited the growth 
of the bacteria, gave irregular production of the virus in both the control 
tubes and in those containing desoxypyridoxine. Acetic or valerie acids 
increased phage growth in the presence of the inhibitor, even though the 
bacterial growth was retarded by these fatty acids considerably below the 
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levels obtained with desoxypyridoxine alone. Caproic and caprylic acids 
each retarded the growth of both bacteria and phage. When desoxy. 
pyridoxine was included with these latter compounds, phage production 
was not further decreased. This might indicate that the inhibition was 
also neutralized by these compounds. Tests were made to determine 
whether the growth stimulation of the phage by acetic acid in the presence 
of the inhibitor was the result of a buffering effect towards a higher pH. 
The results shown in Table V indicate no significant difference in the pH 
values for the control or desoxypyridoxine tubes. 


Tasce III 
Effect of Pyridoxine on Desorypyridozine Inhibition of T; Bacteriophage 
Multiplication 

No. of mg. per 
tests 
Photom| Plaque countst Piaque countst 

No additions ee 66 2.0 X 10° | 69 1.8 X 10’ 
| 71 | (4.8 X 10%} 75 | (2.6 X 10°) 
| 60 | (2.2 K 10*)| 64 | (1.1 X 10°) 

Pyridoxine, 0.5 mg. per ml. zz . 65 | 8.5 10% | 63 | 2.7 XK 10 
| 69 | (2.6 X 10%); 69 | (8.0 X 10 
| 59 | (1.7 X 10%); 55 | (2.0 X 104 

" 3 | 68 | 6.9 x | 67 | 5.0 x 10 
70 | (1.5 X 10%); 72 | (6.5 X 104 
66 | (2.6 X 10*)) 63 | (2.0 X 104 

“ « | 69 | 20x 10° | 68 | 2.8 x 10 
= 70 | (3.5 10%); 75 | (4.4 X 104 
| 66 (8.4 X 107)| 63 (2.1 X 104 


The figures in parentheses indicate the range. 


* Turbidimetric readings of bacterial growth after 5 hours incubation (Evelyn 


photometer). 


t Plaque counts of phage particles after 5 hours incubation. 


Carbohydrate Intermediates—The effect of intermediates of carbohydrate 
metabolism on the desoxypyridoxine inhibition of phage multiplicaton is 


shown in Table VI. 


medium: had no effect on virus multiplication. 
Table VI, concentrations up to 10 mg. per ml. also had no effect. 


The addition of 2.5 mg. per ml. of glucose to the 
In tests not shown in 


When 


2.5 mg. per ml. of glucose-6-phosphate or pyruvic acid were added to the 
tubes containing the inhibitor, maximum growth of the virus occurred. 
When similar amounts of lactic, malic, fumaric, or succinic acid were 


- 
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employed, some inhibition reversal was recorded, but they were not as 
effective as the two former carbohydrate intermediates. 


TaBLe IV 
Effect of Fatty Acids on Desorypyridozine Inhibition of T, Bacteriophage 
Multiplication 
Controls 0.5 mg. per 


Addition, 5.0 mg. per ml. No. of tests 
| | Plaque countst Plaque countst 


- one — 


10° 67 | 3.9%X 10? 


No additions 3 | 
7 | (2.110) | 7 | ©.1X 10% 
638 | (68X10) 6 (.4 xX 10) 
Formic acid 2 73 70 2.6 X 10° 
74 (5.810% 71 | @.3X 10% 
7 (29x10) 70 10% 
7s | (2.910) | 78 | (5.2% 10% 
78 (1.0 X 10%) | 79 | (1.5 X 10°) 
Propionic acid 3 92 | %1.0X 10° 9 | 4.8 X 10° 
9% | (2.9 x 10%) 97 (1.2 X 10°) 
8 (6.3 x 107) (3.1 107) 
n-Butyrie “ 3 6Y 1.6 X 10° | 1400 
71 «| «(2.7 10° 72 | (3.0 10% 
66 | (9.8 104) 62 | (3.3 104) 
n-Valeric 3 79 1.0 10° 79 | 21.9% 10° 
| 80 (2.1 10°) | 80 | (5.0 x 10%) 
77 (3.5 X 76 X 10) 
Caproie acid 1.1 X 10? 86 | 1.5 10” 
88 | (2.0 x 86 (2.7 10”) 
85 | (4.0 X 10%) 8 (9.9 X 104) 
Caprylie S4 5.0 10° | Fema 
86 (5.0 X 107) 84 (1.5 X 107) 
82 (5.0 X 107) 83 (1.0 X 10°) 


The figures in parentheses indicate the range. 

*Turbidimetric readings of bacterial growth after 5 hours incubation (Evelyn 
photometer). 

t Plaque counts of phage particles after 5 hours incubation. 


DISCUSSION 


Spizizen (3) found that certain metabolic poisons, viz. cyanide, iodoace- 
tate, arsenite, 2,4-dinitrophenol, and p-aminophenol, in low concentra- 
tions inhibited the multiplication of ‘‘anti-Escherichia coli bacteriophage 
P,.” His data seem to indicate a rather narrow range between the dose 
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TaBLe V | 


Effect of Acetic Acid on pH of Medium after Incubation with Phage and 
Escherichia colt 


After 3 hrs. After 5 hrs. 


pH Plaque counts pH | Plaque counts 
1 Control 6.54) 1.0X 108 6.5 | 2.5% 19 
+ acetic acid, 5 mg. per ml.) 6.59 4.5 K 108 6.51 3.0 
Desoxypyridoxine, | mg. per ml. | 6.4 | 2.3 10° 6.45 9.4 
+ acetic acid (| 6.48 | 10° 6.49 1.8 x 199 
2 Control 6.51 ' 1.5 107 6.58 2.9 x 
+ acetic acid, 5 mg. per ml. 6.5 1.5 10° 6.52 | 2.2 19 
Desoxypyridoxine, 1 mg. per ml. 6.38 5.4 10° 6.38 3.7 x 19 
+ acetic acid 2.1 10° 6.48 


TaBLe VI 


Effect of Carbohydrate Intermediates on Desoxrypyridorine Inhibition of T; 
Bacteriophage Multiplication 


Plaque counts® 


Additions, 2.5 mg. per ml. No. of tests rH 
No additions | 2.8 10° 3.1 X 107 
(6.0 10%) (1.3 10%) 
(4.6 X 10°) (1.6 X 10°) 
Glucose 3 94x 108 | 10? 
(1.9x 10) | 109 
(44.310) | (2.6 x 10° 
Glucose-6-phosphate 4 3.4x10° | 2.5% 10 
(5.8 & 10°) | (5.8 X 10%) 
| 10% | (1.9 10% 
Pyruvie acid 6.5 10° | 2.9% 10 
| 91x10) | (6.4.x 10) 
| 45X10 9.910) 
| (1.0 X 10°) (2.9 10% 
| (3.9 X 10°) (9.4 X 10°) 
Malic 4.4 10° 7.2 x 10° 
| 7.2 X 10°) (1.7 X 10% 
(2.510% | (2.0 104 
Fumaric ** | 4 | 4.6 X 10° | 1.3 X 105 
| @6xX10) | (2.2 x 104 
| X 105) (6.4 X 10°) 
Sucecinic “ 4 3.9 X 10° 3.0 X 105 | 
(7.5 & 10°) (7.3 X 105) | 
(1.6 10°) (6.1 X 10°) 


The figures in parentheses indicate the range. 
* Plaque counts of phage particles after 5 hours incubation. | 
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which inhibited the phage and the dose which inhibited the multiplication 
of the host cells. Cohen and Anderson (4) found that 5-methyltryptophan 
inhibited the multiplication of Escherichia coli B without affecting the rate 
of oxygen utilization or the R.Q. in a synthetic medium. Bacteria in- 
fected with T, or Ty bacteriophage, in the presence of the compound, were 
unable to reproduce the virus. Fitzgerald and Lee (5) inhibited lysis of 
phage-infected Escherichia coli cells with several acridine compounds and 
counteracted the antiviral effect with ribonucleic acid, 

We have shown that desoxypyridoxine, an analogue of pyridoxine that 
has specific antivitamin activity in animals (6), inhibits the multiplication 
of T, Escherichia coli bacteriophage without materially affecting the growth 
of the Escherichia coli. This inhibition can be neutralized by pyridoxine. 
By analogy to other work with vitamin-antivitamin relationships in bac- 
teria, it might be assumed that pyridoxine is necessary for the multipli- 
cation of this phage, and that desoxypyridoxine inhibits the multiplication 
by its competitive action against the vitamin. 

The mechanism by which certain carbohydrate intermediates reversed 
desoxypyridoxine inhibition would not seem to be so direct. Since glucose 
would not neutralize the inhibition but glucose-6-phosphate or pyruvate 
would, it seems possible that desoxypyridoxine may act either directly or 
through pyridoxine inhibition to interfere, in some manner, with glucose 
utilization. Whether the ability of formic, acetic, butyric, and valeric 
acids to reverse the desoxypyridoxine inhibition is related to the above is 
not evident at this time. 


SUMMARY 


Desoxypyridoxine, 2,4-dimethyl-3-hydroxy-5-hydroxymethylpyridine, 
inhibited the multiplication of T.r+ Escherichia coli bacteriophage under 
conditions that otherwise produced near maximum virus production. The 
desoxypyridoxine-bacteriophage inhibition was reversed not only by pyri- 
doxine, but also by several fatty acids and glucose-6-phosphate, pyruvic 
acid, and somewhat less effectively by lactic, malic, fumaric, or succinic 
acids. 
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ON THE FAILURE TO UTILIZE a-AMINOADIPIC ACID AS A 
PRECURSOR OF LYSINE BY RATS AND 
CERTAIN BACTERIA* 


By E. GEIGER anv H. J. DUNN 


(From the Van Camp Laboratories, Terminal Island, and the Department of 
Pharmacology ,* University of Southern California School of Medicine, 
Los Angeles) 


(Received for publication, November 1, 1948) 


Borsook, Deasy, Haagen-Smit, Keighley, and Lowy (1) have recently 
described a new amino acid, a-aminoadipic acid, as an intermediary 
product of lysine metabolism. Subsequently Mitchell and Houlahan 
(2) reported that this amino acid can function as a precursor of lysine 
in a Neurospora mutant. The present experiments were first under- 
taken to determine, at the suggestion of Dr. H. Borsook, whether rats 
could similarly utilize this newly discovered amino acid as a precursor 
for lysine; furthermore, they were made to determine whether this amino 
acid influences the growth of bacteria commonly used for microbiological 
assays. 


Experiments on Rats 


In the first experiment an attempt was made to maintain the growth of 
infantile rats when a portion of the lysine of the diet was replaced by 
a-aminoadipic acid. Male Sprague-Dawley rats were used in three 
groups of six rats each. The technique of paired feedings was used 
throughout. The composition of the diets is shown in Table I. 

Table II shows that rats of the first group, which received only the 
small amount of lysine present in gluten (Diet 1), failed to grow, while 
rats in the second group with an adequate L-lysine supplement (Diet 2) 
grew satisfactorily. Animals in the third group, receiving equivalent 
amounts of the aminoadipic acid (Diet 3) instead of the lysine, did not 
grow.! Racemic and optically active a-aminoadipic acids gave the same 


negative results. 


These experiments indicate that the growing rat cannot utilize this 
amino acid as a precursor of lysine. 

The rats receiving a-aminoadipic acid developed a serious diarrhea 
within 1 or 2 days. We, therefore, investigated the possibility that 


* The expenses of this study were in part defrayed by a grant from the National 
Vitamin Foundation. 

' Histological investigation of the kidneys and livers of these rats did not reveal 
any pathological changes. 
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Taste I 
Composition of Diets 


| | tryptophan | Casein | asa ie 
| | | 89.0 
2 11.0 | 87.0 
Reon | | 13.0 | 87.0 
5 | a oe | 13.0 | 85.5 


* Corn-starch 3050 gm. (78.3 per cent), rice bran concentrate 400 gm. (10.26 per 
cent); cottonseed oi! 200 gm. (5.13 per cent), U.S. P. salt mixture 200 gm. (5.13 per 
cent), fish oil (1 gm. contains 2000 1.v. of vitamin A and 400 1.vU. of vitamin D) 
gm. (1.27 per cent), riboflavin 75 mg., Ca pantothenate 150 mg., and choline chloride 


2.5 gm. 
Tas_e 
Growth of Rats in Gm. for 16 Day Period on Diets 1 to 5 
| Weight of rats | | pier 
Diet Total gain food consump 
At start of Atendof | tion per rat 
experiment experiment 
em. em. 
1. Gluten 6 146 
4 
| 82 S4 | 2 
81 S4 | 3 
| 78 79 | l 
2. Gluten + lysine . 83 101 18 148 
79 109 30 
82 115 33 
77 111 34 
92 123 31 
S4 112 28 
3. Gluten + a-aminoadipic 89 90 1 138 
acid | 81 77 —4 
| 82 SS 6 
77 74 —3 
92 
87 87 0 
4. Casein 57 91 34 106 
= 71 30 
| 55 94 39 
5. Casein + a-aminoadipic — 62 93 31 112 
acid Pg 88 43 
| 47 86 39 
| 57 92 35 
| 53 85 32 
| 51 | 91 40 
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this diarrhea might influence the normal growth of the animals. We 
compared the growth of rats on a standard diet (Diet 4) with the growth 
of animals on the same diet with a-aminoadipic acid added in the quanti- 
ties of 0.5 per cent, 1 per cent, and 1.5 per cent (Diet 5). Those rats 
which received the amino acid supplement showed a normal growth rate 
during a 16 day period in spite of severe diarrhea. The mechanism of 
this diarrhea will be investigated further. 


Experiments with Bacteria 


It was of practical importance to ascertain whether bacteria could 
utilize this amino acid as a precursor of lysine, and whether its presence 
interferes with the microbiological assay of lysine. The microbiological 
assay technique of Dunn et al. (3) was employed. 

Experiments were carried out with Lactobacillus delbrueckii LD5, L. fer- 
menti, L. casei, and L. arahinosus 17-5, which do not require lysine. No 
change of growth occurred if large amounts (104 y per ml.) of a-amino- 
adipic acid were added to the media. 

Leuconostoc mesenteroides and Streptococcus faecalis, which require 
lysine, have been investigated and it was found that the addition of a- 
aminoadipic acid to the basal medium did not promote growth. The acid 
production on different concentrations of lysine was unchanged by addi- 
tion of various amounts of a-aminoadipie acid. These results indicate 
that, unlike the Neurospora mutant, Leuconostoc mesenteroides and Strep- 
tococcus faecalis cannot utilize a-aminoadipic acid, and that the presence 
of a-aminoadipic acid in the medium does not interfere with the micro- 
biological determination of lysine. 


We are indebted to Dr. H. Borsook and to Dr. A. J. Haagen-Smit 
for the samples of a-aminoadipic acid used in these experiments. 


SUMMARY 


It has been shown that neither rats nor those bacteria commonly used 
for microbiological assays are able to utilize a@-aminoadipiec acid as a 
precursor of lysine. 
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THE PURIFICATION AND PROPERTIES OF A TRIACETIC 
ACID-HYDROLYZING ENZYME* 


By WILLIAM M. CONNORS ano ELMER STOTZ 


(From the Department of Biochemistry, School of Medicine and Dentistry, The 
University of Rochester, Rochester, New York) 


(Received for publication, November 15, 1948) 


In a previous paper from this laboratory (1) it was shown that triacetic 
acid (8 ,6-diketohexanoic acid) is split by liver homogenates to acetoacetic 
and acetic acids. Brief reference was also made to a 100-fold purified en- 
zyme which catalyzed the above hydrolysis. The object of this paper is 
to describe the preparation of this enzyme from beef liver, to record some 
of its properties, and to present some of the kinetics of the catalyzed re- 


action. 


EXPERIMENTAL 


Manometric Assay—This test is based on the formation of an extra mole 
of acid during the reaction 


CH,COCH,COCH.COOH — CH,;COCH,COOH + CH,;COOH 
Triacetic acid Acetoacetic acid Acetic acid 


causing the liberation of CO, from a bicarbonate medium. ‘The test was 
carried out in conventional Warburg flasks with a volume of reagents total- 
ing3.3ml. The main compartments contained 0.45 ml. of 0.15 M NaHCOs, 
0.60 ml. of appropriately diluted enzyme, and distilled water to make a 
volume of 2.70 ml. The side arms contained 0.50 ml. of 0.02 M triacetic 
acid' (freshly dissolved and neutralized with NaOH), and 0.10 ml. of 0.15 m 
NaHCO;. <A gas mixture containing 95 per cent N-e-5 per cent CO, was 
passed through the vessels for 5 minutes, the stop-cocks closed, and tem- 
perature equilibrium (30°) reached. After dumping the side arm solu- 
tions, readings were taken at 5 minute intervals for 30 minutes or until 
some 150 ul. of the theoretical 224 ul. of CO. were liberated. As illustrated 
in Fig. 1, there was a linear relation between CO», production and time, and 
proportionality between rate and enzyme concentration. In general, the 
manometric procedure was used with purified enzyme preparations where 


* This research was supported by grants from the Nutrition Foundation, Inc., 
the Sugar Research Foundation, Inc., and the Division of Research Grants and 
Fellowships of the National Institutes of Health, United States Public Health 
Service. 

‘The authors are indebted to Dr. Robert F. Witter for the triacetic acid used in 
these experiments. 
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there was no appreciable “CO, retention’ due to the protein present. 
When the error was significant, a correction factor was applied. The ya. 
lidity of the correction was confirmed by direct analysis of the triacetie acid 


in the flask. 
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MINUTES 


Fic. 1. The proportionality between enzyme concentration and acid production 
in the catalyzed triacetic acid hydrolysis. The experiments were carried out in 
Warburg flasks with bicarbonate buffer; gas phase 95 per cent N2-5 per cent COs; 
temperature 30°. 


Colorimetric Test System — For experiments in which the pHi and substrate 
concentrations were varied, the incubation was carried out in 15 ml. tubes 
at a volume of 1.65 ml. Maleate buffer (2, 3) was generally employed, and 
a Warburg apparatus was used for shaking and temperature control (30°). | 
At the end of a given incubation period, the reaction was stopped by adding | 
6 ml. of 5 per cent metaphosphoric acid, and the final volume brought to 
15 ml. with distilled water. After centrifugation, aliquots of the super- 
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natant fluid were analyzed for the triacetic acid remaining, by the method 
of Witter, Snyder, and Stotz (4). In this case, also, a linear relation was 
obtained between triacetic acid disappearance and enzyme concentration. 
When lower concentrations of substrate were used, the volume of the cen- 
trifuged supernatant was kept low by the addition of more concentrated 
metaphosphoric acid and the triacetic acid method scaled down to smaller 
volumes for the desired sensitivity. 

For expressing the purity of the enzyme, a dry weight determination 
(110°) of the preparation was made after thorough water dialysis. At some 
stages of the purification the photometric measurement of turbidity with 
sulfosalicylic acid proved to be a rapid and convenient measure of the pro- 
tein present. 

Enzyme Units and Purity—1 unit of enzyme has been designated as that 
amount which, under the conditions of the manometric test described 
caused the liberation of 1 wl. of CO, per hour. Purity is expressed as units 
of enzyme per mg. of dry weight of the dialyzed preparation. 


Purification of Enzyme 


The preparation of the enzyme purified 100-fold over the liver homo- 
genate was accomplished essentially by a combination of alcohol fractiona- 
tion, heat denaturation, and acetone precipitation steps. Details of the 
procedure with recoveries and purity at intermediate stages follow. 

Stage I. Preliminary Treatment of Beef Liver-—One fresh beet liver (7 to 
10 pounds) was taken directly from the slaughter-house in an iced con- 
tainer to a cold room (O0-5°). The liver was cut into sections and passed 
through a meat grinder. A 200 gm. portion was supended in 400 ml. of 
ice-cold 0.85 per cent NaCl in a Waring blendor jar, and homogenized for 2 
minutes. 

The combined homogenates from 1800 gm. of tissue (nine runs) were al- 
lowed to stand 3 to 5 hours in the cold room. Volume 5260 ml.; total 
units 596,000; purity 1.66 units per mg. of dry solids. 

Stage II. Precipitation and Concentration of Enzyme-~Yo the homogen- 
ate (5260 ml.) were added 5844 ml. of ice-cold 95 per cent ethyl aleohol, | 
with stirring, to produce a final concentration of 50 per cent alcohol. The 
mixture was allowed to stand at 4° for 7 hours with occasional stirring. It 
was then filtered (fluted Schleicher and Schiill papers, No. 595), the funnels 
being covered with large watch-glasses to minimize evaporation. 

To the 7220 ml. of clear amber filtrate were added, with stirring, 5776 ml. 
of 95 per cent ice-cold ethyl alcohol to bring the alcohol concentration to 
70 percent. After permitting 7 hours standing at 4° for the precipitation of 
the enzyme, the supernatant fluid was siphoned from the precipitated pro- 
teins and the latter compacted by centrifugation in the cold. The precipi- 
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tute was then dissolved by adding cold 0.85 per cent NaCl solution to 4 | 
total volume of 150 ml., and the mixture stirred and allowed to stand for} 
to 1 hour for maximum solution. The material was centrifuged in the cold. 
the supernatant saved, and the salt extraction procedure repeated on the 
remaining precipitate. The supernatant fluids from the salt extractions 
were then combined. Volume 270 ml.; total units 146,000; recovery 25 per 
cent; purity 33 units per mg. 

With smaller scale preparations, with which it was technically easy ty 
centrifuge all of the 70 per cent alcohol precipitate rather than siphoning as 
described above, it was possible, since much of the precipitate was finely 
dispersed, to obtain approximately double the yield of enzyme recorded 
above. 

Stage 111. Selective Heat Denaturation—270 ml. of solution from Stage 
II were placed in a 500 ml. Erlenmeyer flask and a thermometer inserted in 
the solution. The flask was immersed in a water bath at approximately 
60° and the flask contents maintained at a temperature of 50° for 5 minutes 
with continual stirring. The flask was then promptly cooled in ice water, 
and the voluminous precipitate of denatured proteins centrifuged and dis. 
carded. Volume 232 ml.; total units 109,000; recovery 18 per cent: purity 
82 units per mg. 

Stage IV. Acetone Fractionation——To the 232 ml. from Stage LII, 125 
mil. of ice-cold redistilled acetone were added with stirring, making the final 
concentration 35 per cent acetone. The mixture was allowed to stand | 
hour at 4°, after which time the precipitated proteins were removed by cen- 
trifuging in the cold. The 350 ml. of clear supernatant fluid were then 
made to 40 per cent acetone by adding 30 ml. of ice-cold acetone with stir- 
ring. After standing again for 1 hour, the mixture was centrifuged and 
this time the supernatant fluid was discarded. The precipitate was dis 
solved in approximately 60 ml. of cold 0.85 per cent NaCl, and a smal! 
amount of insoluble material filtered off. The clear light green solution 
constituted our purest preparation. Volume 58 ml.; total units 66,000; 
recovery 11 per cent; purity 171 units per mg. 

Ammonium sulfate and alcohol fractionations of Stage II] preparations 
also produced purifications similar to acetone, but usually with lower re 


coveries. 
Properties of Enzyme 
Products of Reaction and Specificity—In a previous paper (1) it was shown 
that the products of the catalyzed triacetic acid hydrolysis were aceto- 
acetic and acetic acids. The purified enzyme had no effect on triacetic 


ester, triacetic lactone, acetylacetone, or acetoacetic acid as determined by 
direct analysis for these substrates. As determined by failure to produce 
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extra acid manometrically, 8-ketohexanoic acid, oxalacetic acid, a-keto- 
glutaric acid, levulinic acid, sorbic acid, and hexanoic acid were not at- 
tacked. 

After completion of our work, the paper of Meister and Greenstein (5) 
appeared which described the preparation of a 10-fold purified enzyme 
(“aeylpyruvase’”’?) capable of hydrolyzing a,y-diketo acids. Because of 
the great structural similarity of these acids to triacetic acid, 2,4-diketo- 
hexanoic acid was synthesized (6, 7) and tested with our enzyme. It was 
hydrolyzed with great rapidity, and it is therefore possible that the two en- 
zymes are identical. Both enzymes could be classified as diketo acid des- 
molases; a more specific term for our enzyme is not suggested at this time. 

Stability of Enzyme—The enzyme preparation resulting from Stage III 
could be stored frozen for at least 3 months without loss of activity, and at 
4°for1 month. ‘The more purified preparation appeared less stable and 
lost about 35 per cent of its activity on standing at 4° for 2 weeks. 

The enzyme appears to be relatively stable to heat. 5 minutes heating 
at 50° caused no inactivation, 50 per cent inactivation at 60°, and even at 
80° only 73 per cent inactivation. The sensitivity of the enzyme to acid 
and alkali was tested by adjusting aliquots of the enzyme solution to various 
pH values and permitting them to stand at room temperature for 1 hour. 
The pH was then adjusted to neutrality, the denatured proteins removed, 
and the supernatant fluids tested for activity in the usual way. The en- 
zyme was essentially stable between pH 6.0 and 8.5, while pH 4.0 and 10.0 
each resulted in approximately 50 per cent inactivation. 

Activators and Inhibitors—The purified enzyme was found to lose activ- 
ity on dialysis against water and phosphate, veronal, or maleate buffers 
(0.005 M) at a pIl range of 6.0 to 7.7. In these cases there was an average 
decline of 50 per cent in activity. This suggested a prosthetic group; 
hence the purified enzyme was ashed with nitric acid and examined spec- 
troscopically? for metals. It was found that copper and magnesium were 
present at levels of 0.0376 and 0.0705 per cent respectively. However, 
when these ions were added to the dialyzed or undialyzed enzymes over a 
wide range of concentrations, no activation was observed. ‘These experi- 
ments were carried out in maleate buffer of pH 5.75 in order to minimize 
the tendency of the metal to form complexes with buffer components. 
Cu** and Mg** in concentrations calculated to be 10-fold that present in 
the enzyme actually caused 20 to 25 per cent inhibition. Other metal ions 
tested, e.g. Cat*, Batt, and Zn*t+, did not activate the enzyme, while 
Fe+*+* and La*** inactivated by precipitating the proteins. 

Phosphate ion was not required for the enzymatic hydrolysis of tri- 


* Credit is gratefully extended to Dr. L. T. Steadman of the Atomic Energy Project 
at this University for the spectrochemical analysis of the protein for metals. 
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acetic acid and likewise possessed no reactivating effect on the dialyzed 
enzyme. Diphosphopyridine nucleotide and adenosine triphosphate wer 
similarily ineffectual. 

Cyanide, iodoacetate, S-hydroxyquinoline, and BAL in concentrations 
ranging from 5 X 10° to 1 X 10°* mM did not inhibit the enzyme. Acetyl. 
acetone and dimethylglyoxime (3 X 10°-* mM) did not inhibit, while malonate. 
oxalate, citrate, and benzoylacetone, each at 9 &K 10°? M, caused from 30 
to 45 per cent inhibition. 


5 6 7 8 9 10 " 
Fic. 2. Optimum pH. Curve 1, 0.025 m maleate buffer; Curve 2, 0.025 m borate; 
and Curve 3, 0.025 m phosphate; temperature 30°. 


Optimum pH—The optimum pH range of the catalyzed reaction was 
studied in maleate and borate buffers. Colorimetric analysis of the re- 
maining substrate was used to determine the rate of the reaction. The 
experimental conditions and results of these experiments are summarized 
in Fig. 2. 

It may be noted that the optimum rate occurs at pH 6.5 in maleate 
buffer, and at about pH 8.0 in phosphate and borate buffers (3.3 per cent 
mannitol was used to depress the pH in the borate solution when used be- 
low pH 7.7). 
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Temperature Coefficient and Energy of Activation—Rate studies were con- 
ducted over the range of 26.3-43.7° in the Warburg apparatus with the 
usual CO,-bicarbonate buffer. By means of the standard buffer concen- 
tration and gas phase it was calculated that the pI] change over the tem- 
perature range eovered would be somewhat less than 0.3 of a unit. The 
optimum pH curves did not indicate that this deviation would be signifi- 
cant. Fig. 3 illustrates the rate of the reaction plotted against tempera- 
ture. From the straight line obtained over this range, the Qi was calcu- 


mm> HOUR 
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Fic. 3. Relation of reaction rate to temperature. 0.025 m bicarbonate buffer, 
pH 7.4. 


lated to be 1.60. When these data are substituted in the usual Arrhenius 
equation 
2.303R log Ki- log K, 


l 


the energy of activation of the catalyzed reaction was found to be 8670 
calories per mole. 
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Michaelis-Menten Constant (K,,)-—The relation of velocity of the re- 
action to initial substrate concentration was studied. For this purpose, 
colorimetric determination of the substrate was employed, since the lower 
concentrations of substrate necessary for derivation of the Michaelis con- 
stant were below the limits for satisfactory manometric assay. Velocities 
were determined from the initial straight line portions of the rate curves, 


160C 
140C 
5S SLOPE+ 0.428 
400 
200 600 woo 1400 i800 2200 2600 
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Fic. 4. Relation of 1/v to 1/|s|. The velocity is expressed as moles of triacetic 
acid hydrolyzed per liter per hour, and [s! is the initial substrate concentration in 
moles per liter. 0.025 m maleate buffer, pI1 6.5; temperature 30°. 


and were expressed as moles of triacetic acid hydrolyzed per liter of reac- 
tion mixture per hour. Reciprocals of these velocities (1/v) are plotted as 
ordinates in Fig. 4. Data for initial substrate concentrations are likewise 
expressed as moles per liter, and reciprocals (1/[s]) are plotted as abscissae. 
A straight line relation was obtained by plotting 1/v against 1/{s]. The 
Lineweaver-Burk (8) treatment of the data was employed; namely, 
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The value of A, was determined from the point of intercept 1/Vies.. and 
the slope Ky./Vimax., and was found to be 0.00138 M. 

Electrophoresis—Samples of the enzyme preparations from Stages II] 
and IV were studied electrophoretically by Dr. Erie L. Alling to whom we 
are greatly indebted. 

The descending boundaries are illustrated in Fig. 5. ‘wo of the com- 
ponents were in close proximity and comprised some 84 per cent of the total 
protein. One of these, denoted by the arrow, increased markedly from the 


Fic. 5. Electrophoretic diagrams of purified enzyme. Longsworth scanning 
method. Veronal buffer, pH 8.5, ionie strength 0.1; temperature 1°; time 12,540 
seconds; field strength 5.0 volts. Descending boundaries illustrated. Upper dia- 
gram, Stage III preparation; lower diagram, Stage IV preparation. Active com- 
ponent marked by arrow; its mobility u = 2.4 sq. em. see.~! 


Stage III to Stage LV preparation, which corresponds to a doubling of the 
enzyme purity. Likewise, sampling of the components during electro- 
phoresis indicated that the enzyme activity was associated with this com- 
ponent. On this basis our best preparation may be 25 per cent pure. On 
the other hand, it will be recalled that the enzyme is inactivated some 50 
per cent by dialysis, and since dialysis is of course necessary prior to electro- 
phoresis, it is not impossible that the component of slightly higher mobil- 
ity represents modified or denatured enzyme. If this were true, our en- 
zyme preparation would be considerably more pure. 
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SUMMARY 


An enzyme has been isolated from beef liver which catalyzes the reae. 
tion 


CH,COCH,COCH,COOH — CH,COCH,COOH + CH,COOH 
Triacetic acid Acetoacetic acid Acetic acid 


It has been purified 100-fold by a combination of alcohol and acetone frae. 
tionations and heat denaturation steps. A number of related compounds 
have been tested for the specificity of this enzyme and of these only 3,5. 
diketohexanoic (triacetic acid) and 2,4-diketohexanoic acids were affected. 
The enzyme was not dependent on phosphate and a variety of cations for 
activity. The optimum pH was between 6.5 and 8.2, depending on the 
buffer used. The temperature coefficient of the catalyzed reaction was 
1.60, and its energy of activation calculated to be 8670 calories per mole. 
Substrate velocity measurements indicated a typical enzynie-substrate 
relationship, and the Michaelis-Menten constant (K,,) was found to be 
0.00138 
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TRACER EXPERIMENTS ON THE MECHANISM OF URIC ACID 
DECOMPOSITION AND ACETIC ACID SYNTHESIS BY 
CLOSTRIDIUM ACIDI-URICI* 


By J. L. KARLSSON anv H. A. BARKER 
(From the Division of Plant Nutrition, University of California, Berkeley) 


(Received for publication, November 30, 1948) 


Clostridium acidi-urict decomposes uric acid anaerobically (1) according 
to the equation 


Uric acid + 5.5H,0 = 4NH,; + 0.75CH,COOH + 3.5CO, (1) 


When a more reduced purine, such as xanthine, guanine, or hypoxanthine, 
is used as a substrate, the yield of carbon dioxide is smaller and that of 
acetic acid is larger. With hypoxanthine, for example, the equation is 


Hypoxanthine + 6.5H,0 = 4NH, + 1.25CH,COOH + 2.5CO; (2) 


The relatively high vield of acetic acid from hypoxanthine is of con- 
siderable significance because a direct decomposition of the C; chain in 1 
mole of hypoxanthine cannot give more than 1 mole of a C; compound. 
The observed yield of approximately 1.25 moles of acetic acid indicates 
that the formation of at least part of the acetic acid must involve a con- 
densation either between two C3; compounds, or between a C; and a C; 
compound, or between two C; compounds. The C,; compound could be 
carbon dioxide or a derivative of the ureide carbons of the purine. 

The possibility that carbon dioxide is used to form acetic acid was 
tested qualitatively several years ago by allowing uric acid or other purines 
to be fermented in the presence of CO, (2). It was found that carbon 
dioxide is incorporated into both the methyl and the carboxyl groups of 
acetic acid. Later experiments of the same type done with CO, provided 
quantitative data from which it was possible to conclude that a large 
part of the carboxyl carbon of acetic acid is derived directly from uric 
acid (3). The data also indicated that part of the methyl group may be 
derived from the same source, although other interpretations were not 
excluded. 

There is considerable evidence to show that glycine is an intermediate 
in the decomposition of uric acid and other purines by anaerobic bacteria 
(1,3). Although Clostridium acidi-urici does not form appreciable amounts 


* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 


891 


nds 
for 
the 
Was 
dle. 
rate 
be 

hap- | 


SOQ URIC ACID DECOMPOSITION 


of glycine as a fermentation product, the closely related species, Clos. 
tridium cylindrosporum, does so. Both species decompose glycine when 

it is added with a fermentable purine. As much as 1.55 moles of glycine 
may be decomposed per mole of uric acid when glycine is present in ex- | 
cess. In the absence of a purine, glycine is not appreciably decomposed. | 
By the use of the Thunberg technique, glycine has been shown to fune- 
tion as a hydrogen donor for these bacteria. ‘These facts indicate that 
glycine is formed in the fermentation of purines and is subsequently de- 
composed by serving as a reductant in an oxidation-reduction reaction 
with another purine derivative. Neither the mode of formation of gly- 
cine nor the products of its oxidation are known, though it has been shown 
that the carboxy! group of glycine is derived in part from carbon dioxide 
(3). 

In order to obtain further information concerning the mechanism of 
uric acid decomposition and acetic acid synthesis, we have carried out 
tracer experiments with C-labeled uric acid, glycine, and carbon dioxide. 
The results are reported in this paper along with some observations on 
the fermentability of some possible purine derivatives. 


Materials and Methods 


Strain 9a of Clostridium acidt-urtcit (4) was used in all experiments. 
The tracer experiments were done with growing cultures. A medium of 
the following composition in gm. per 100 ml. (Medium 1) was used un- 
less otherwise stated: uric acid 0.168, glycine 0.75, NaeCO, 1.06, Difco 
yeast extract 0.3, KeHPO, 0.07, MgSO, 0.005, CaSO, 0.0006, FeS0, 
0.00025, and Na S-9H,O 0.015. The above medium without carbonate 
was neutralized to pH 7 with sodium hydroxide before autoclaving. — After 
autoclaving the carbonate was added as a sterile solution and the pi 
was then adjusted to 7.8 with sterile | N hydrochloric acid. Cultures were 
incubated anaerobically at 37° until the uric acid was completely decom- 


Relatively high concentrations of glycine and bicarbonate were used 
in the medium for two reasons. In the experiments with labeled uric 
acid the high initial concentrations of unlabeled glycine and bicarbonate 
resulted in a large isotopic dilution of the corresponding labeled com- 
pounds that might be formed during the fermentation. In this way the 
presence of more than one highly labeled carbon source was avoided. 
When labeled glycine or bicarbonate was used as a substrate, a relatively 
high initial concentration of the labeled compound prevented a consider- 
able change in its specific activity during the fermentation. In all the 
tracer experiments with the exception of that with labeled bicarbonate the 
initial concentrations of uric acid, glycine, and bicarbonate were those 
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indicated in Medium 1. In the experiment with labeled bicarbonate it 
was considered desirable to minimize the isotopie dilution due to carbon 
dioxide produced from uric acid and glycine, and therefore the concentra- 
tions of the latter compounds were reduced to one-fourth of those used in 
other experiments. 

Cell suspensions were prepared by the method previously described (1). 

Synthetic methyl-labeled and carboxyl-labeled glycine was used. Uric 
acid labeled in various positions was prepared biologically by injecting 


TABLE | 
Distribution of C'* in Uric Acid Samples Used in Different Experiments 


i ivity i Per cent 
— Designe- Activity in carbon atom, counts per min. per mM Total of a 
No.  “yrate Position Position 8 Position 4 PositionS Position6  *“tvity 
position 

counts per | 


min. per mM 


,8 237,000 237,000 1,300 5, O80 1,030 481,410 98.5 


2 
2 4 0 0 3,950 450 100 4,500 87.5 
3 5 6, 530 6,530 6,460 22,000 820 42,340 52.0 
4 6 


470 470 28,000 4,540 100,800 134,580 75.0 


suitably labeled precursors into pigeons (5). Table I shows the distri- 
bution of C' in the samples of uric acid used in the tracer experiments. 


NH-—CO 
CO 
3 ‘4 


NH—C—NuZ 


For reference, the formula for uric acid is shown. 

The data of Table I were obtained by the degradation methods used by 
Sonne, Buchanan, and Delluva (6, 7). These investigators showed that 
in uric acid derived from carboxyl-labeled acetate the C' was equally dis- 
tributed between the 2 ureide carbon atoms. In preparing Table I we 
have assumed that the same is true for the uric acid samples used in our 
experiments which were derived from labeled formate, glycine, or carbon 
dioxide. 

Acetic acid was recovered from the fermented media by steam dis- 
tillation and was degraded by decarboxylation of the barium salt at 550 
600°. The resulting acetone was converted to iodoform, and the latter 
was oxidized to carbon dioxide and recovered as barium carbonate. The 
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carbon dioxide in the fermented medium was precipitated as barium 
carbonate and then purified by dissolving the carbonate in acid, passing 
the evolved carbon dioxide through the gas phase, and reprecipitating 
the barium salt. The C content of the barium carbonate samples was 
estimated by means of a Geiger-Miuller counter. | 


Resulis 


Tracer Experiments with C-Labeled Uric Acid—The four kinds of labeled 
uric acid described in Table I were fermented in separate experiments by 
growing cultures in 100 ml. of Medium 1. Data on the distribution of 
C™ between the resulting carbon dioxide and acetic acid are given in 
Table II. 


Taste II 
Fermentation of Radioactive Uric Acid in Presence of Excess Carbon Dioxide 
and Glycine 
| cent of 
Product Specific activity Total activity | | 
urate | activity | 
| | _— | counts per min. counts per min. 
per mu per mu 
1 * wae: 12.10 31,900 386 , 000 80 104 
| | HAe | 1.8 112,500 116,000 24 
CO; 10.05 400 4,020 | 89 2 
| | HAc 0.80 165 et Se 
3 | 5 COs 12.00 630 7, 560 19 | 
| 0.92 25 ,000 23,000 5A | 
4 | 6 12.06 3, 550 42,800 32 
 HAe 0.92 , 190 1,100 0.8 


Experiment 1 shows that the carbon of positions 2 and 8 went into both 
carbon dioxide and acetic acid. Approximately 80 per cent of the total 
activity appeared in the carbon dioxide and 24 per cent in the acetic acid. 
The high specific activity of the acetic acid in relation to that of the car- 
bon dioxide proves that the labeled carbon in the acetic acid must have 
been derived more or less directly from the 2 and 8 positions rather than 
indirectly by way of carbon dioxide. 

Experiment 2 shows that the carbon of position 4 went into carbon di- 
oxide to a much greater extent than into acetic acid. The small amount 
of activity found in the acetate can be entirely accounted for by carbon 
originating from the 5 position of this sample of uric acid (Table I) and by 
carbon dioxide utilization. Therefore it must be concluded that there is 
little or no direct conversion of the carbon of position 4 into acetic acid. 

Experiment 3 with 5-labeled uric acid was not quite as clear-cut as the 


| 
| 


J. L. KARLSSON AND H. A. BARKER SOD 


others because the substrate was less specifically labeled. ‘Table I shows 
that almost half the total activity of this sample of uric acid was present 
in the 2, 4, and 8 positions. In spite of this difficulty considerable infor- 
mation was obtained by the fermentation of 5-labeled urate. The entire 
activity of the carbon dioxide must have been derived from the 2, 4, and 
8 positions. On the basis of the results obtained in Experiment 1, the 
contribution of the 2 and 8 positions to the carbon dioxide activity in Ex- 
periment 3 should have been 13,060 X (31,900/474,000) = SSO counts per 
minute per mM. Based on the results of Experiment 2, the contribution 
of position 4 should have been 640 counts per minute per mm. The total 
from both sources (1520 counts per minute per mM) is actually more than 
twice the observed specific activity in the carbon dioxide of Experiment 
3 (630 counts per minute per mm). Although the lack of quantitative 
agreement between the observed and expected specific activities leaves 
much to be desired, the data clearly indicate that very little if any of 
the carbon from position 5 went into carbon dioxide. ‘The carbon of posi- 
tion 5 was used mainly for the synthesis of acetic acid. It is possible that 
some of the C'* unaccounted for was also present in glycine, although this 
is not certain. 

In Experiment 4 the recovery of C' from 6-labeled urate was lower than 
with uric acid labeled in other positions. This suggests that a large part 
of the carbon from the 6 position was converted to glycine, although this 
has not been demonstrated directly. Most of the C™ accounted for was 
found in carbon dioxide. Much of this must have originated from the 
labeled 4 position. On the basis of Experiment 2, the contribution of 
position 4 was estimated to have been 28,000 & (400/3950) = 2840 counts 
per minute per mm. This leaves approximately 700 counts per minute 
per mm that were derived from position 6. The small amount of activity 
in the acetic acid was probably derived from labeled carbon dioxide. 

Tracer Experiments with Labeled Glycine or Carbon Dioxide—In the ex- 
periments with radioglycine the composition of the culture medium was 
the same as in the above experiments except that unlabeled uric acid and 
labeled glycine were used. Since a large excess of glycine was present, 
the change in its specific activity due to the production of inactive gly- 
cine from uric acid was less than 10 per cent. 

The data of Experiments 5 and 6 in Table III show that the methylene 
carbon of glycine went exclusively into acetic acid, whereas the carboxyl 
carbon went mainly to carbon dioxide. Most of the labeled acetate de- 
rived from carboxyl-labeled glycine must have been formed from carbon 
dioxide. However, a comparison of the ratios of the specific activities of 
acetate and carbon dioxide in Experiments 7 and 4 suggests that a small 
amount of acetic acid activity may have been derived directly from the 
glycine carboxy! group. 
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As regards the utilization of carbon dioxide, Barker and Elsden (3) have 
already shown that it is incorporated into acetic acid and glycine formed 
from uric acid by Clostridium cylindrosporum. During the course of their 
experiments, the specific activity of the carbon dioxide changed so greatly 
that the quantitative contribution to the acetate carbou could not be 
estimated accurately. In our experiments with Clostridium acidi-urici 
a large excess of labeled carbon dioxide was added initially in order to 


Taste LIl 
F ermentation of Uric Acid in Presence of Labeled Glycine or Labeled Carbon Dioxide 
a | Labeled substrate Compound | mM per 100 ml. Specie activity 
counts per min. 
per mu 
5 CH.NH,COOH Glycine, initial 10.0 10,100 
COs, final 12.1 ) 0 
1a | 3,300 
6 CHLNH.COOH Glycine, initial 10.0 38 ,000 
CO,, final 11.2 1,000 
7 NaHCo, COs, initial ~7.8 9,200 
“final 9.0 § 200 
0.33 3,000 
Taste IV 
Distribution of C'* in Acetic Acid 
Labeled substrate | CHa group COOH group 
counts per min. per ma 
| 2-, S-urate 106 , 000 6,000 
3 5-Urate 7,000 18,000 
5 CHLNH,COOH SOO 2,500 
7 NaHCO, 1,500 1, 500 


minimize the isotope dilution effect. For the same reason the concen- 
trations of uric acid and glycine were reduced to one-fourth of those used 
in the previous experiments. The significance of the experimental data 
given in Experiment 7 of Table III will be discussed below. 
Distribution of C™ in Acetic Acid——Data on the distribution of the radio- 
isotope in acetic acid derived from various labeled substrates are given in 
Table IV. In interpreting the data it must be borne in mind that the 
labeling of the uric acid used in Experiments 1 and 3 was not entirely 


specific. 
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The acetic acid derived from the 2,8-labeled urate (i-xperiment 1) was 
labeled mainly (95 per cent) in the methyl! position. The small amount of 
activity in the carboxyl! position must have been derived from the labeled 
5 position or from carbon dioxide. On the basis of the results of Experi- 
ment 3, it can be estimated that the activity entering the carboxyl group 
of acetic acid from the labeled 5 position in Experiment | was approxi- 
mately 5080 X (18,000/22,000) = 4200 counts per minute per mM. On 
the basis of Experiment 7, the carbon dioxide contribution to the carboxyl 
group should have been approximately 31,900 & 0.5 & (1500 8700) = 
9700 counts per minute per mM. The factor 0.5 is introduced because 
the average specific activity of the carbon dioxide during the fermenta- 
tion was only about half its final specific activity. The sum of these 
two values (6900 counts per minute per mM) does not differ significantly 
from the observed value of 6000 counts per minute per mM. 

The acetic acid derived from the 5-labeled urate (experiment 3) con- 
tained more C* in the carboxyl than in the methyl group. The carboxyl 
activity must have been derived almost entirely from position 5, since car- 
bon from the 2, 4, 6, and 8 positions does not enter the carboxyl group 
directly and the contribution from the labeled carbon dioxide was very 
small (~200 counts per minute per mm). ‘The activity in the methyl 
group must have been partially derived from the labeled 2 and 8 positions. 
The contribution from this source, based on the results of Experiment 1, 
should be 13,060 * (106,000/474,000) = 2900 counts per minute per mM. 
Since the contribution from carbon dioxide was very small, it may be 
concluded that approximately 4000 counts per minute per mM were de- 
rived directly from the 5 position. 

The acetic acid formed in Experiment 5 with methylene-labeled glycine 
contained about 3 times as much activity in the carboxy! as in the methyl 
group. Since no activity was present in the carbon dioxide, all the ob- 
served activity in the acetic acid must have been derived directly from 
glycine. 

The data of experiment 7 indicate that the C™ was uniformly distributed 
in the acetic acid derived from labeled carbon dioxide. ‘This result is not 
entirely in agreement with the data obtained by Barker and Elsden with 
Clostridium cylindrosporum (3). They found two-thirds of the activity 
in the methyl group and one-third in the carboxyl group. This difference 
between the two results could be due to a difference either in the organisms 
or in the experimental conditions. 

Tests of Utilization of Possible Purine Derivatives--The only compounds 
known to be decomposed atan appreciable rate by Clostridium acidi-uric 
are uric acid, xanthine, guanine, hypoxanthine, and glycine. A number ot 
other compounds, mostly purine derivatives and amino acids, were tested 


Ve 
ed 
elr 
tly 
ic 
ide 
vity 
Pp 
a 
‘en- 
sed 
ata 
lio- 
in 
the 
aly 


SOS URIC ACID DECOMPOSITION 
} 

previously either alone or in combination with uric acid and were found 
not to be attacked. We have carried out tests of additional compounds 
that might conceivably occur as intermediates in purine decomposition, 
The tests were performed manometrically under anaerobic conditions 
with suspensions of cells grown on urate. An evolution of carbon dioxide 
in the presence of glycine and the compound being tested was taken as 
an indication of utilization. Glycine was added to function as a hydrogen 
donor so as to permit the recognition of compounds that can function as 
hydrogen acceptors. Negative results were obtained with the following 
compounds: 5-amino-4-imidazolecarboxamide, 2,4 ,5-triamino-6-oxypy- 
rimidine, glutamate, aspartate, alanine, 6-alanine, asparagine, aminofu- 
maric diamide, succinate, fumarate, malate, maleate, and pyruvate. 
The only compounds giving positive results were the four purines already 
known to be decomposed. 


DISCUSSION 


Since the first extensive studies were made on the fermentation of uric 
acid and other purines by Clostridium acidi-urtct and related bacteria 
(1, 4), it has been evident that the process involves some unusual bio- 
chemical reactions. These studies showed that the mechanism of uric 
acid decomposition by anacrobic bacteria must be quite different from 
that known to exist in aerobic organisms. Compounds such as allantoin 
and urea, that are involved in the aerobic decomposition of uric acid, are 
neither formed nor decomposed by the anaerobic bacteria. 

The first definite evidence concerning the mechanism of the fermentation 
was the demonstration by the use of C™ that carbon dioxide is used for 
the synthesis of acetic acid (2). This qualitative observation led to the 
hypothesis that the anaerobic process involves a complete oxidation of 
the purine coupled with a reduction of carbon dioxide to acetic acid. This 
idea seemed very attractive because Wieringa (8) had recently discovered 
an anaerobic bacterium, Clostridium aceticum, that carried out an analogous 
process in which acetic acid was formed from hydrogen and carbon di- 
oxide. However, further tracer experiments with C™ supplied informa- 
tion that necessitated the abandonment of the simple carbon dioxide re- 
duction hypothesis. It was found that the acetic acid, instead of being 
derived solely from carbon dioxide as this hypothesis predicts, is derived 
both from carbon dioxide and uric acid. The same is true of the glycine 
formed in small amounts during the fermentation of uric acid by Clos- 
tridium cylindrosporum. 

The data given in the present paper provide a much more complete 
picture of the réle of the individual carbon atoms of uric acid, glycine, 
and carbon dioxide in the fermentation process. Qualitatively, it 1s 
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evident that under the conditions used in our experiments acetic acid is 
derived from four sources, the 2 and 8 positions of uric acid, the 5 position 
of uric acid, the methylene carbon of glycine, and carbon dioxide. Car- 
bon dioxide is derived mainly from the 2, 4, and 8 positions of uric acid 
and to a much lesser extent from the carboxyl carbon of glycine and the 
6 position of uric acid. The origin of the glycine formed by Clostridium 
cylindrosporum has not as yet been thoroughly investigated, although 
there are indirect indications that it may be derived from the 5 and 6 posi- 
tions in uric acid as well as from carbon dioxide. 

Since all the tracer experiments were done under very similar conditions, 
the results of the different experiments are comparable, and it is possible 
therefore to calculate the percentage of each carbon atom in the products 
derived from each carbon atom in the substrates. In general this per- 
centage is equal to the specific activity of the carbon atom in the product 
divided by the specific activity of the carbon atom in the substrate. Of 
course, suitable corrections must be made for C' entering the product from 
a second labeled source, if more than one is present, and for dilution of the 
active product by unlabeled material supplied in the medium. 

The method may be illustrated by calculating the percentage of the 
carbon dioxide derived from the 2 and 8 positions of the uric acid and the 
percentage of the methyl carbon of acetic acid derived from the 5 position. 
In the former calculation it is assumed that the 2 and 8 positions contribute 
equally to the activity in the carbon dioxide. The activity derived from 
one of the two positions will therefore be half of 31,900 or 15,950 counts 
per minute per mm. The desired percentage is therefore 

15,950 counts per min. per mM 


12.1 mu 
- 100 = 26 
3.11 mM x 


237,000 counts per min. per mM 


The second factor, the ratio of the quantity of carbon dioxide in the medium 
at the end of the experiment to that actually formed during the fermenta- 
tion, corrects for the isotope dilution by added sodium bicarbonate. Since 
the carbon dioxide production was not determined in this experiment, it 
was calculated by multiplying the observed yield of acetic acid (1.03 mm) 
by the molar ratio in which carbon dioxide and acetic acid are formed (3.02). 
This ratio was determined in a separate experiment carried out under 
identical conditions. The percentage of the carbon dioxide derived from 
both the 2 and 8 positions is twice that derived from one position or 52. 

In calculating the percentage of the methyl carbon of acetic acid derived 
from the 5 position in uric acid, the observed specific activity of the methyl] 
carbon (7000 counts per minute per mm) is first corrected by deducting 
the contribution from the 2 and & positions and from carbon dioxide by 
the method already illustrated in a previous section. The corrected 
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specific activity (4000 counts per minute per mM) divided by the specific 
activity of the 5 position (22,000 counts per minute per mM) gives a value 
of 18 per cent. 

Table V summarizes all the available quantitative information on the 
origin of the carbon atoms in the acetic acid and carbon dioxide formed 
during the fermentation of uric acid in the presence of excess glycine and 
carbon dioxide. The total for each carbon atom should add up to 100 per 
cent. The observed totals are such as to indicate that the over-all errors 
in the estimates are of the order of +20 per cent. 

Perhaps the most interesting and unexpected conclusion to be drawn 
from Table V is that the 2 and 8 positions of uric acid contribute almost 
half of the methyl! carbon of acetic acid. This is unexpected because the 


TABLE V 


Origin of Carbon in Acetic Acid and Carbon Dioride Formed in Uric Acid. 
Glycine Fermentation 


Experi- _ Per cent derived from each source 
Ne. HAc-CHs HAc-COOH CO) 
4 Urate, 2 and 8 positions 45 2 52 
4 position 0 0 44 
3 | 5 18 82 0 
4 | | 0 | 0 3 
Glycine, methylene group 0 
6 carboxyl! group 7 
7 Carbon dioxide 17 17 


* The distribution of glycine carbon in the acetic acid was not determined; a 
1:1 distribution is assumed. 


2 and 8 carbon atoms are highly oxidized and because their conversion to 
acetic acid requires a drastic rearrangement of the purine molecule with 
the elimination of nitrogen and the formation of new carbon to carbon 
bonds. The other carbon atom mainly involved in the condensation is 
evidently that in the 5 position of uric acid, although carbon dioxide and 
the methylene carbon of glycine also participate. The remainder of the 
acetate methyl carbon comes from these same positions. 

It is also noteworthy that the most reduced carbon atoms in the sub- 
strates, namely those in the 4 and 5 positions of uric acid and the methylene 
carbon of glycine, contribute heavily to the most oxidized carbon atoms 
in the products, namely those in carbon dioxide and the carboxy! group of 
acetic acid. For the glycine methylene group this result is the more 
surprising because tracer experiments with another anaerobic bacterium, 


-- 
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Diplococcus glycinophilus, have shown that the methylene group of glycine 
may be converted preferentially into the methyl group of acetic acid (9). 

It was pointed out in the introduction that glycine functions as a power- 
ful reductant when activated by Clostridium acidi-urici. On the basis 
of this observation it was thought that glycine might be oxidized com- 
pletely to carbon dioxide. It is now apparent that this does not occur. 
Only the carboxy! group is converted to carbon dioxide. The methylene 
carbon evidently takes part in a condensation with one or more of the 
earbon atoms from uric acid that leads to the formation of acetic acid. 

Less than one-fifth of the acetic acid is derived from carbon dioxide. 
It is obvious therefore that carbon dioxide reduction is not as important 
from a quantitative point of view as was previously supposed (2). 

The general conclusion to be drawn from the tracer experiments is that 
the fermentation of uric acid is a very complex process which involves 
a variety of condensation and oxidation-reduction reactions. The fur- 
ther elucidation of these reactions can probably best be achieved by en- 
zymatic methods. 

The fermentation tests reported in the experimental section are of 
interest because they eliminate several compounds from consideration as 
possible intermediates in the breakdown of purines. The compound 
that seemed most promising in this respect was 5-amino-4-imidazolecar- 
boxamide. This compound, which is similar to xanthine except that the 
carbon atom in the 2 position is missing, is believed to be formed from 
glycine by Escherichia coli (10). But since it is not attacked by cell 
suspensions of Clostridium acidi-urici, it is unlikely to be an intermediate 
in the fermentation of purines. 


SUMMARY 


The fermentation of purines by Clostridium acidi-urict has been investi- 
gated by the use of C'-labeled uric acid, glycine, and carbon dioxide. 
The results show that the methyl carbon of the acetic acid formed when 
uric acid is fermented in the presence of excess glycine and bicarbonate 
is derived from the 2, 5, and 8 positions of uric acid, the methylene carbon 
of glycine, and carbon dioxide. The acetic acid carboxy] carbon is derived 
mainly from the latter two sources and from the 5 position of uric acid. 
The carbon dioxide formed in the fermentation comes mostly from the 
2, 4, and 8 positions of uric acid, and to a lesser extent from the 6 position, 
and from the carboxyl group of glycine. Several compounds including 
5-amino-4-imidazolecarboxamide have been eliminated as likely inter- 
mediates in the purine fermentation. 


The authors are greatly indebted to the following persons who gener- 
ously supplied synthetic compounds used in this investigation: Dr. Wil- 
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liam Shive (5-amino-4-imidazolecarboxamide), Dr. H. K. Mitchell (amino. 
fumaric diamide), and Dr. L. W. Tuttle (radioglycine). 
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194s) 

(1948), In studies on the synthesis of urea in vitro, the nitrogen is usually supplied 
(1936). as NH,CI or as (NH,4)250, (1-3). It has been suggested that the mecha- 
yo). nism by which such nitrogen enters the cycle and forms urea is somewhat 


diferent from that utilized by nitrogen supplied in the form of glutamine or 
amino acids. Leuthardt and Glasson (2) believe that ammonia from inor- 
ganic salts enters the cycle directly but that ammonia from amino acids may 
be synthesized into glutamine, which then transfers it to ornithine. Once 
citrulline is formed, the second molecule of ammonia is added and the reac- 
tion is catalyzed by adenosine triphosphate and glutamic acid, as shown by 
Cohen and Hayano (3). The source of the carbon dioxide which, along with 
the nitrogen, is added to ornithine to form citrulline can be CO, supplied 
by sodium bicarbonate, as recently proved by Grisolia and Cohen (4) but 
| previously indicated by Leuthardt and Glasson (2), who showed that urea 
formation from ammonium salts was greatly decreased when liver slices 
were incubated in phosphate instead of bicarbonate medium. The latter 
also extended the original observations of Krebs (1) by demonstrating that 
the addition of pyruvate or oxalacetate increased the urea production in the 
absence of bicarbonate, presumably by supplying CO,. The following is a 
report of experiments with liver slices, comparing urea production from an 
ammonium salt, glutamine, and an amino acid under varying conditions. 


EXPERIMENTAL 


The livers of white rats weighing 200 to 250 gm. were used. The animals 
were usually fasted for 24 hours before use. ‘The liver slices, 250 to 300 mg. 
(wet weight), were placed in 50 ml. Erlenmeyer flasks which contained 4.0 
ml. of either Krebs’ phosphate or bicarbonate solution. The flasks were in- 
cubated at 37° for 2} to3 hours. A gas mixture of 95 per cent O, and 5 per 
cent CO, was used with the bicarbonate solution, and 100 per cent O, with 
the phosphate solution. At the end of the experiment, 1.9 ml. of H,O and 
0.1 ml. of 3 N H.SO, were added to each flask; the liquid was poured off the 
slices and placed in a boiling water bath for 5 minutes. The precipitated 
protein was centrifuged and aliquots were taken for the estimation of urea by 
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Barker’s method (5), and for the estimation of ammonia by direct nesslerigg. 
tion. 

A typical experiment on the effect of added ornithine on the amount of 
urea produced from (NH,)2S0,, L-glutamine, and L-alanine is shown ip 
Table I. In Table I, and in all others, the amount of urea formed by the 
slices alone has been subtracted. The concentration of each was such as to 
insure an excess and the maximum urea production under the conditions of 
the experiment. Under these conditions the addition of ornithine increases 
the amount of urea formed from (NH,4)2SO,, but has little effect on that 
formed from the other two compounds. This fact suggests that the omi- 
thine concentration becomes a limiting factor for (NH4)2SO, before it does 
for glutamine or alanine. Thus, Krebs’ observation that certain amino acids 
added with ammonium salts to slices cause less urea to be formed than do 


I 
Effect of pu-Ornithine Hydrochloride on Urea Production 
0.3 X 10°? mM pL-ornithine hydrochloride; 0.76 & (NH,4)280,; 1.36 10" 
m L-glutamine; and 2.20 X 107 m L-alanine. 


Substrate N formed 

7 


ammonium salts alone may be explained when it is assumed that the amino 


acids utilize the available ornithine at the expense of the (NH,)SO,. No 
comment has been made on this inhibition and it has been largely over- 
looked. Recently, Leuthardt, Fahrlinder, and Nielsen (6) obtained the 
sume effect with guinea pig liver. Alanine, glycine, serine, methionine, 
cystine, and lysine inhibit urea production from NH,Cl in the presence of 
pyruvate and ornithine. Histidine and proline do not. They found that 
the inhibition was much less in rat than in guinea pig liver. They studied 
the effect of methionine and cysteine in detail on liver suspensions and came 
to the conclusion that these two amino acids bound magnesium, for the addi- 
tion of the latter overcame the inhibition. They did not determine the ef- 
fect of added magnesium in rat liver slices, but showed that, in these, the 
formation of citrulline from ornithine was inhibited by methionine. We 
have been able to extend and confirm these results in part. To the list of 
inactive amino acids, valine, leucine, and aspartic and glutamic acids can be 


added, while phenylalanine acts as an inhibitor. p-Methionine is as active — 


- 
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as the L isomer, despite the fact that it produces little urea. However, the 
results under our conditions with rat liver slices differ somewhat from those 
of Leuthardt et a/. (6). Glycine is more active than methionine, and 


II 
Effect of Various Amino Acids on Urea Production from (NH 4)S0O, 


Except in Section e, where the effect of different concentrations of glycine and 
methionine are shown, the concentration of amino acids was 1 33 x 10°? M. 


UreaN Inhibi- 


| Compounds added formed tion 
| Y per cent 
| ‘3 + pui-methionine............... ...| 107 | 
| + ut-histidine............. | 224 0 
| + L-cysteine . 146 28 
| + glycine 50 «74 
+ t-alanine...... 268* 12 
" + 0.67 X 1072 M L-methionine ....| 192 | 35 
“ + 1.33 1077 ‘ 
| + 0.67 X 10-* “ 36 
+ 1.33 x 10-3 “ 
| + 1.33 10°37 “ pi-proline. 286i 


* NH;-N determinations show that alanine, not (NH,):SO,, was the source of 
most of the urea. The apparent inhibition is therefore too small. 


inhibits urea production as much as 80 per cent; this can be completely 
overcome by the presence of sufficient ornithine. The addition of excess 
magnesium has apparently no effect. The effect of various amino acids is 
shown in Table II, which also shows that the amount of urea formed from 
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(NH,)2S0, varies considerably from animal to animal. These amino acids, 
added to liver slices, produce some urea. When both (NH,)SO, and an 
amino acid are present, it is not possible to determine how much each con- 
tributes to the urea formation. The inhibitions are therefore calculated on 
the assumption that no urea has originated from the amino acid, making the 
values lower than they actually are. This is particularly true in the case of 
alanine, which produces more urea by itself than any of the other amino acids. 
Glycine does not inhibit arginase under the conditions of the experiment, and. 
in fact, Hunter and Downs (7) have shown that it has no effect on their puri- 
fied arginase preparation. The glycine inhibition occurs both in phosphate 
and in bicarbonate medium, and in neither does the addition of pyruvate over- 
come it. Glycine does not affect urea production from glutamine or alanine. 
It seems probable, therefore, that glycine, and possibly other active amino 
acids, inhibits urea formation from (NH,).S8O, by preferentially utilizing the 


Taste IIl 
Effect of Various N-Substituted Glycines (1.88 X 10-* ™) on Production of Urea from 
(NH) SO, 
Compounds added | Urea Nformed Inhibition 
218 
+ glycine......... 25 | 88 
+ dimethylglycine . | 86 60 
+hippuricacid 96 57 


available ornithine and reducing the concentration below the level needed for 
the (NH,).80,. The fact that added ornithine overcomes the inhibition 
supports this view. Glycine causes the same percentage inhibition with 
smaller amounts of (NH,).SO,. Larger amounts of (NH4)eSO, are toxic. 

Table III shows the effect of N-substituted glycines. Sarcosine is almost 
as effective as glycine, dimethylglycine is less effective, and ethylglycine the 
least. This is the order in which they are attacked by the sarcosine oxidase 
(8), so that probably substitution on the nitrogen decreases the inhibition 
and most of the effect caused by these compounds depends upon the amount 
of free glycine produced. By analogy the hippuric acid inhibition may be 
due in part at least to the free glycine formed by hippuricase. Benzoate in 
equimolar concentrations has no effect on urea production. 

It has been shown (9) that caffeine inhibits urea formation from (NH4)- 
SO, and that added ornithine overcomes the inhibition. Caffeine has little 
effect on urea formed from glutamine and alanine. It thus apparently acts 
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like the amino acids. 2,4-Dinitrophenol is another drug which acts dif- 
ferentially on urea production from organic and inorganic nitrogen sources. 
As shown in Table IV, concentrations of dinitrophenol of 0.7 and 14 X 
10-* wm markedly inhibit urea formation from (NH4)oSO,4 in the presence of 
added ornithine, in liver slices from rats fasted 24 hours, but they have much 
less effect when alanine is used and the glutamine reaction is not inhibited. 
The same is true if ornithine is not added. Trinitrophenol is inactive, even 
in 3 times the concentration. 

Krebs (1) and Leuthardt and Glasson (2) have shown that, in liver slices 
taken from a fasted animal, urea formation is increased by the addition of 
pyruvate, and the latter have shown that oxalacetate is even more effective. 


TaBLe IV 


Effect of 2,4-Dinitrophenol on Urea Formation from (NH g).SO,4, L-Glutamine, and 
L-Alanine 


The concentrations were the same as in Table I. 


Substrate Dinitrophenol nee Inhibition 
per cent 
(NH,)2SO, + ornithine. . 460 
+ | 0.7 X 20 | 
+ + 55 SS 
Glutamine + 7 | 432 
+ 7x 446 0 
+ Lax wet 398 8 
Alanine + 367 
+ 0.7 10-* “ 302 18 
+ 1.4 “ 257 30 


Fumarate and citrate also have some effect. In our experiments, both 
pyruvate and oxalacetate increase the amount of urea formed by liver 
slices from fasted animals from (NH,4)8O0, with added ornithine in bi- 
carbonate medium, but they do not affect the urea formed from alanine or 
glutamine. 

Dinitrophenol causes less inhibition in liver slices from well fed than from 
fasted animals. Pyruvate, added to the liver slices of fasted rats, almost 
completely overcomes this inhibition. Oxalacetate, however, does not. 
This is shown in Table V. Concentrations higher than those given have no 
further effect. Lactate is as active as pyruvate, probably because it is 
rapidly oxidized to it, but succinate, fumarate, citrate, acetate, and glucose 
do not overcome the inhibition. The addition of glutamic acid and adeno- 
sine triphosphate together decreases the inhibition to a small extent only 
(Table V), which indicates that dinitrophenol acts primarily by inhibiting 
the formation of citrulline from ornithine. 
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Since oxalacetate does not overcome the dinitrophenol inhibition, it js 
unlikely that pyruvate is acting simply as a carbon dioxide source. Fur- 
ther evidence against this possibility is the fact that pyruvate is without 
effect when the reaction is run in phosphate medium. It appears, there- 
fore, that dinitrophenol is preventing the addition of ammonia and CO, 
to ornithine. Pyruvate circumvents this effect because it reacts with am- 
monia to form alanine, as shown by Neber (10), who used rat liver slices: 
the urea production from alanine thus formed would be only slightly 
inhibited by dinitrophenol. 


TaBLe V 
Effect of Pyruvate, Oxalacetate, and Glutamic Acid Plus Adenosine Triphosphate on 
Inhibition by 0.7 X 10-* ™ Dinitrophenol of Urea Formation from (NH,),SO, 
and pu-Ornithine HCl 


(NH,4)sSO, and ornithine + additions Urea N formed _Inhibition 


7 per cent 

None | 224 | 

+ dinitrophenol 49 78 
+ 0.45 K 10°? m pyruvate 398 
+0.45x10?7° # “ + dinitrophenol | 132 | 67 
+ 0.9 K 10°? M pyruvate | 420 

+ 0.9 X 107 “ + dinitrophenol 204 30 
+ 0.38 X 10° m oxalacetate | 998 | 

+ 0.38 x 10° “ ' + dinitrophenol | 85 | 72 
+ 0.76 X 10°? “ 324 | 

+ 0.76 X 10° “ , + dinitrophenol | 115 65 
None 406 | 

+ dinitrophenol | 107 74 
+ 0.9 X Mm pyruvate 420 

+ 0.9 10° “ + dinitrophenol | 366 | 13 
+ 0.7 X 10°? m glutamic acid + 2 X 107? m adenosine 455 

triphosphate 
None + 0.7 X 107? m glutamic acid + 2 K 10°* M adeno- 225 5l 


sine triphosphate + dinitrophenol 


DISCUSSION 


Urea production from ammonium salts requires higher ornithine concen- 
trations than urea production from glutamine or alanine. Certain amino 
acids inhibit urea production from ammonium salts but not from glutamine 
and alanine. The conclusion from these facts is that the nitrogen in gluta- 
mine and alanine has a greater affinity for ornithine than the inorganic nitro- 
gen. This could hardly be so if glutamine and alanine were directly de- 
aminated. The implication is either that these two compounds and other 
amino acids as well have an affinity for ornithine higher than that of am- 
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monium ions, and thus combine with it before or synchronously with the 
deamination process, or that they form carbamino compounds, as suggested 
by Leuthardt and Glasson (2), so that carbon dioxide is transferred with the 
ammonia to ornithine. Dinitrophenol in low concentrations blocks the 
combination of ornithine with ammonium salts, but the latter can be syn- 
thesized to alanine when pyruvate is added and can give rise to urea by this 
means. 


SUMMARY 


1. The addition of ornithine to liver slices from rats fasted 24 hours in- 
creases the urea production from (NH4).80, but has little effect on that from 
t-alanine or L-glutamine. 

2. Certain amino acids, particularly glycine, inhibit urea production from 
(NH4)S0O,. This inhibition can be overcome by adding ornithine but not 
magnesium salts. Glycine has no effect on urea production from alanine 
or glutamine. In these respects the caffeine inhibition resembles the glycine 
inhibition. 

3. In low concentrations 2,4-dinitrophenol inhibits urea production from 
(NH,4)28O0,4, but has much less effect on that from alanine and no effect on 
that from glutamine. The inhibition occurs in the presence of ornithine but 
can be partially overcome by the addition of pyruvate, probably enabling 
the ammonia to be synthesized to alanine, which then acts as the source of 
urea. 

4. The conclusion is drawn that the mechanism of the addition of ammonia 
to ornithine differs when inorganic and organic nitrogen sources are used. 
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Creatinuria is one of the results of vitamin E deficiency. This was first 
demonstrated by Morgulis and Spencer (1) on rabbits. The effectiveness 
of a-tocopherol in reducing the excretion of creatine to normal levels was 
shown by Mackenzie and McCollum (2) and has been verified by many 
others. ‘The creatine lost from muscle tissue during dystrophy (3) un- 
doubtedly accounts for the creatinuria, and the administration of a- 
tocopherol prevents this loss (4). Biopsy experiments on dystrophic rab- 
bits (5) indicated that the restoration of normal muscle creatine content, 
after the administration of tocopherol phosphate by vein, was delayed 
some hours as compared with relatively prompt reduction of the high 
oxygen consumption. This latter dropped in about 4 hours, whereas the 
already low creatine content was initially still further reduced. A sug- 
gested explanation for these changes was that the loss of creatine from 
muscle continued, while a previously accelerated process of synthesis had 
already been depressed. 

There is no proof that the synthesis of creatine is accelerated in dystrophic 
animals, but the high rate of excretion would quickly exhaust the existing 
stores unless these were being replenished at a greater than normal rate.' 


* Present address, Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania. 

' No direct evidence is available on this question. From existing data, only an 
approximate calculation can be made. If the creatine content of normal rabbit 
muscle is 0.5 per cent, the total body creatine of an animal weighing | kilo would be 
1000 KX 0.4 X 5 mg., or 2000 mg. ((6) p. 494). The excess creatine excretion of a 
dystrophic rabbit ((2) p. 354) over a period of 27 days was approximately this same 
amount. If the dystrophic muscles still contained 1280 mg. (800 KX 0.4 & 4 mg.) 
of creatine ((7) p. 304), this amount had to be manufactured during the 27 days, in 
addition to that which continued to be excreted as creatinine rather constantly 
throughout the period. If urinary creatinine has its origin in the phosphocreatine 
of muscle (6), the creatinine excretion of dystrophic animals should be reduced. 
Since it is not, the prior transformation of creatine to phosphocreatine may be 
lacking or incomplete in these animals. In dystrophic muscle the decline of phos- 
phocreatine seems to be greater than that of creatine (8). Coupled phosphoryla- 
tion of creatine has, in fact, been shown to be greatly diminished in homogenates of 
dystrophic muscles from guinea pigs and hamsters (9), but this could not be demon- 
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The liver is apparently the principal site of final creatine synthesis (10). 
If the production of creatine is accelerated in vitamin E deficiency, a higher 
concentration of it might be expected in the liver, even though this organ 
may not store it extensively. In any case, the active participation of the 
liver in the fluctuations of creatine can hardly be excluded. 

It seemed important, therefore, to examine into the rdle of the liver. in 
the alterations of creatine metabolism found in vitamin E deficiency. A 
beginning was made by determining the creatine (and creatinine) content 
of liver tissue from normal rabbits and rats and from these animals 
after various periods of maintenance on vitamin E-deficient diets. De- 
layed and immediate effects of the administration of a-tocopherol acetate 
or phosphate were also studied. 


EXPERIMENTAL 


The liver contains large amounts of chromogens other than creatinine 
which respond to the Jaffe test. Since absolute and not relative values for 
creatine were desired, the specific enzymatic method of Miller, Allinson, 
and Baker (11) was chosen, even though it is cumbersome and has been 
abandoned by some (12-14). 

Lloyd’s reagent was found to be unsatisfactory for the separation of 
creatinine from other chromogens found in autoclaved liver; it was non- 
specific and variable in its behavior. In addition to removing creatinine, 
it adsorbed other Jaffe-positive chromogens and additional colored com- 
pounds. Shaking 25 mg. of the reagent with 6 ml. samples of liver filtrate 
for 2 minutes removed as much as 40 per cent of the color. Incubating 
the filtrate with bacteria removed no color. Furthermore, the amount of 
chromogen removed by Lloyd’s reagent was variable, from a fraction to 
several times the amount of creatinine removed from the same filtrate by 
bacterial digestion. After longer periods of shaking, some of the color and 
chromogen originally adsorbed by Lloyd's reagent returned to the solution. 
This is not a new observation. | 

The suspensions of Corynebacterium creatincvorans (NC)* were prepared’ 
and assayed according to the recommended procedure (11). 

Minor changes were made in the protein precipitation preceding creat- 
inine estimation, and in the order of color development. The proteins 
were precipitated by the acid cadmium reagent as used in the original 
method of Fujita and Iwatake (15). A simplification was introduced by 


strated with rabbit muscle. A study of creatine-creatinine excretion as related 
to muscle creatine and phosphocreatine in dystrophic animals is greatly needed. 

2 Obtained from the American Type Culture Collection. 

* The help of Dr. J. R. Porter and the Department of Bacteriology in culturing 
the bacteria is gratefully acknowledged. 
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adding at one time all the sodium hydroxide required to precipitate the 
eadmium. This had no effect upon the completeness of protein precipi- 
tation or on the final creatinine values. In the modified procedure, 8 ml. 
of acid cadmium reagent were added to the tissue extract, followed by 1.5 
ml. of 1.1 N sodium hydroxide. The mixture was allowed to stand 5 
minutes before filtering; the filtrate was used directly for color development 
or incubation. With large samples of liver, the glycogen extracted gave 
cloudy solutions which were not clarified by the cadmium treatment. A 
Klett-Summerson photoelectric colorimeter was used with filter No. 54. 

Since in liver tissue the true creatine and creatinine usually constitute 
only 5 to 25 per cent of the total chromogen, the difference between the 
chromogen content before and after bacterial digestion is very small. 

With liver filtrates the intensity of the color with picrate was found to 
increase for at least 45 minutes, whereas with pure solutions of creatinine 
maximum color development is attained in 12 minutes. In order to have 
color development simultaneous on each sample of original and incubated 
filtrates and on a blank, the addition of alkaline picrate was properly timed 
for reading after exactly 12 minutes. Notwithstanding these precautions, 
an occasional liver filtrate contained more chromogen after digestion than 
before, possibly as a result of bacterial synthesis. When this happened, 
the results were discarded. 

Rabbits weighing 800 to 1000 gm. were maintained on the same vitamin 
E-deficient diet as was used heretofore (7), except that the carbohydrate 
was sometimes glucose only. After about 1 month on this diet, or less, 
when an animal was unable to rise after being placed on its side, it was 
killed by stunning; the liver and gastrocnemil, or portions of them, were 
weighed wet, minced, and analyzed for creatine and creatinine. The 
average weights of liver used for single creatine and creatinine estimations 
were about 2 and 8 gm. respectively, of muscle tissue about 0.5 and 2 gm. 
respectively. Control rabbits were fed the same vitamin E-deficient diet, 
with a supplement of 10 to 15 mg. per week of dl-a-tocopherol acetate‘ 
given by mouth in olive oil. 

The results of these analyses are given in Table I. In agreement with 
the observations of many workers not using the specific enzymatic method, 
the muscle of vitamin E-deficient animals contained much less creatine 
than is normally present. The amount of true creatine in the liver of 
normal rabbits is in the range of that reported for rats and dogs (16). No 
prior figures seem to be available for the rabbit. Liver tissue from vitamin 
E-deficient rabbits showed an appreciable accumulation of creatine, 2 
to 6 times the amount in the livers of control animals. This increase was 


‘dl-a-Tocopherol acetate and a-tocopherol phosphate disodium salt were gen- 
erously supplied by Hoffman-La Roche, Inc. 
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not_in total chromogen but only in creatine. The characterization of the 
degree of severity of dystrophy is rather uncertain at best; this lack of any 
adéquate criteria probably accounts for the great variability in the liver 
creatine figures. The creatinine content of both liver and muscle was jn 
reasonable agreement with the figures for rats (16), and was so small that 
its determination was not continued. 

A more direct method of studying the effect of vitamin E on creatine 
production in the liver was obviously desirable and biopsy experiments 
were therefore undertaken. Vitamin E-deficient rabbits were used for 
biopsy experiments when dystrophy was well developed. Control animals 
received the same diet plus 5 mg. of dl-a-tocopherol acetate in olive oil 
daily. 


TABLE I 
True Creatine and Creatinine in Muscle and Liver of Rabbits 
The results are given in mg. per 100 gm. of tissue. 


Creatine Creatinine 
Muscle Liver Muscle Liver 
Vitamin E-deficient 245 42.6 0.6 0) 


* Average of duplicates from later biopsy experiments. 


Anesthesia for the duration of the operation was provided by divided 
doses of sodium amytal given intraperitoneally. Amytal appeared to have 
no effect on liver creatine. Severe hemorrhage was avoided by removing 
liver samples with electrosurgery,’ and by the use of thrombin® solution. 
After removal of an initial sample through a mid-line incision, 10 to 25 mg. 
of disodium-a-tocopherol phosphate in distilled water were injected into 
the femoral vein. Further liver samples were removed at intervals of } to 
4 hours. The incision was kept closed and the animal was covered and 
kept warm. Each liver specimen of 0.5 to 2 gm. was immediately minced, 
divided into two portions, weighed, and autoclaved with acid for creatine 
analysis by the enzymatic method. Large stock animals were easily main- 


* Apparatus kindly loaned by Dr. W. R. Ingram, Department of Anatomy. 
* Generously supplied by Dr. H. P. Smith, Department of Pathology. 
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tained in excellent condition under anesthesia for 12 hours, during which 
as many as nine samples of liver could be removed. Dystrophic rabbits, 
however, lived no longer than 4 hours after the injection of tocopherol 
phosphate. Their smaller size and weakened condition were probably 
responsible; a contributory factor may have been too large doses of to- 
copherol phosphate. 

Table II shows the effect of the intravenous administration of a-to- 
copherol phosphate upon liver creatine. The changes were not significant, 
except in one animal, whose high value of 65 mg. per cent had dropped to 
about 40 mg. per cent 3 hours after the injection of 10 mg. of the phosphate. 


TaBLe II 
Effect of Tocopherol Phosphate on Liver Creatine of Rabbits 
The results are given in mg. of creatine per 100 gm. of tissue; duplicate analyses. 


1 nitial Creatine after injection 
injected thr. Shrs. hrs. 
me. | 
Vitamin E-deficient 2 | 15.4 | 22.7 24.6 21.8 
| 18.9 | 28.8 | 31.2 
| 31.5 | 27.9 | 
«20.9 27.5) | 
16 | 41.4 42.2 34.1 
| 34.1 | 32.9 | 37.7 | | 
| 
Control 4.1 | 
| | 4.0 2.5 | | 
| w | 3.0 | 
| | 2.9 | 


In another, a large dose (25 mg.) of tocopherol phosphate was followed by 
an increased creatine level during the first 2 hours, followed by a decline 
toward the initial value. In this case the initial creatine level was low, 
perhaps implying a less severe dystrophic condition. Unequal distribution 
of creatine between the different lobes is another possible variable which 
could not be controlled. Apparently any effects of tocopherol injection 
cannot be expected in less than 3 or 4 hours, and unless the deficient ani- 
mals can be made to survive for a longer time, the approach by the tech- 
nique of biopsy is not promising. In control animals, the effect of the 
injections was indifferent and not significant. 

With some hesitation, attempts were made to demonstrate the effects of 
a-tocopherol acetate on the creatine content of the livers from vitamin 
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E-deficient rats. Some of the animals had been on the deficient diet for 
more than a year and were almost completely paralyzed. Other younger 
animals showed only slight disability in the use of the hind legs, and stil] 
others showed few if any external symptoms. Doses of a-tocopherol 
acetate, 10 mg. per day, in divided doses, for 3 days preceding liver analysis, 
produced no apparent change in their condition, as was to be expected, and 
no significant change in liver creatine. The figures for control animals 
were similar to those found for control rabbits, 3 to 7 mg. per 100 gm. of 
tissue. The highest value in the deficient rats was 9.8 mg. per 100 gm. 
DISCUSSION 

The negative results with rats are not surprising in view of the dissimilar- 
ities in the responses of rabbits and rats to vitamin FE deficiency. For 
muscle function, the need of the maturing rabbit for tocopherol is critical: 
that of the rat is not, once the nursling stage has been passed. Differences 
in cellular metabolic processes must be the determinants in these variations. 
The guinea pig is subject to dystrophy, like the rabbit, and its liver ho- 
mogenates methylate guanidoacetie acid at double the rate found for rat 
liver slices (14). 

The high content of creatine in the livers of vitamin E-deficient rabbits 
is in keeping with the notion that the rapid turnover of creatine during 
dystrophy requires its synthesis at an abnormally rapid rate. Perhaps the 
administration of tocopherol phosphate slows up the accelerated process of 
creatine synthesis sooner than it restores the capacity of the muscles to 
conserve creatine by phosphorylation. This order of events would account 
for the preliminary decrease in the already diminished muscle creatine 
when a-tocopherol is given to dystrophic rabbits (5). 

A satisfactory solution of the problem will require a study of creatine 
synthesis in liver slices from dystrophic animals, and a complete balance 
sheet of liver, muscle, blood, and urinary creatine. Such studies will be 
greatly facilitated by less circumstantial and more precise methods of 
determining creatine in tissues as complex as liver, and in the blood. 


SUMMARY 


Creatine and creatinine were determined in the liver and skeletal muscles 
of vitamin E-deficient rabbits by the enzymatic method. 

The concentration of creatine in the liver was much higher in dystrophic 
than in control animals; in both cases the creatinine content was small and 
without significant differences. 

In biopsy experiments, the level of liver creatine of vitamin E-deficient 
rabbits was not lowered within 4 hours after injection of a-tocopherol 


phosphate. 
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The injection of tocopherol phosphate had no influence on the liver 
creatine of control animals. 


The possibility is discussed briefly that lack 


of vitamin E in the rabbit involves an increased rate of synthesis of creatine 
by the liver and a decrease in the rate of its phosphorylation in muscle. 


CHM 
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THE OCCURRENCE AND PHYSIOLOGICAL BEHAVIOR OF 
TWO METAPHOSPHATE FRACTIONS IN YEAST 


By J. M. WIAME* 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louts) 


(Received for publication, January 4, 1949) 


The synthesis of basophilic substances observed by Jeener and Brachet 
(1) in yeast cells has been shown to be due chiefly to the formation of meta- 
phosphate (2-4). ‘The presence of metaphosphate in yeast had already been 
observed by Kossel (5) in 1893, by Macfarlane (6) in 1936, and recently in 
Aspergillus niger by Mann (7). It has also been shown (2, 3) that the meta- 
chromatic material which can be demonstrated in yeast by histochemical 
staining reactions is metaphosphate. In fact, hexametaphosphate as well as 
the metaphosphate extracted from yeast gives the metachromatic reaction 
in solution. This reaction is very sensitive and quite specific, since it is not 
given by other phosphate compounds (8). 

Chemical analysis as well as histochemical staining reactions for meta- 
chromatic corpuscles shows that metaphosphate is a normal constituent of 
the yeast cell. It disappears when the yeast is grown in a medium poor in 
phosphate (phosphorus-starved yeast). Its synthesis requires phosphate, 
potassium ions (9), and a substrate which can be metabolized. Meta- 
phosphate can be formed anaerobically as well as aerobically. Poisons which 
stop fermentation (iodoacetate, fluoride) also stop the synthesis of meta- 
phosphate. Sodium azide under anaerobic conditions, with glucose as sub- 
strate, at a concentration which does not decrease the rate of fermentation 
(2.5 X 10-* m) stops the synthesis of metaphosphate. The largest amount 
of metaphosphate is synthesized by yeast previously starved with respect 
to phosphorus (2, 3). In such yeast the metaphosphate accounts for most 
of the phosphorus taken up by the cells from the medium. 

It is of interest that the bonds in metaphosphate are of the energy-rich 
type and that it is present in yeast as a polymer. Its property of combining 
with protein in vitro, even to form a crystalline product (10), is also of great 
interest. 

The experiments reported in this paper show that two types of meta- 
phosphate occur in yeast, one which is soluble in cold trichloroacetic acid 
(referred to as soluble metaphosphate), the other which can be extracted 
only by hot trichloroacetic acid (referred to as insoluble metaphosphate) 

* Fellow of the Belgian American Educational Foundation. Present address, 
Faculté des Sciences, Université de Bruxelles. 
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or by alkali. These two fractions are also physiologically distinct, the latter 
being metabolically more active in the cell than the former. ‘The insoluble 
metaphosphate is rapidly and reversibly transformed to orthophosphate as 
follows: 

(1) 


Orthophosphate insoluble metaphosphate 
(II) 


These are over-all reactions. The enzymes and number of steps involved 
are not yet known. Reaction (1) occurs when yeast is metabolizing glucose, 
while reaction (II) can be readily observed when yeast metabolism is stopped 
by low temperature. The physiological difference between the soluble and 
the insoluble metaphosphate can also be demonstrated by studying the rate 
of phosphorus turnover in the different phosphate fractions of the yeast 
(11). 


EXPERIMENTAL 


Preparation of Yeast-—-Phosphorus-starved yeast was prepared by grow- 
ing it in the following medium: sucrose 100 gm., succinic acid 20 gm., K.SO, 
5 g£m., (NH 2 Mgs0,-7H,0 0.25 0.15 gm., 
ZnSO,-7H,0 0.02 gm., MnSO,-4H,0 4 mg., CuSO,4-5H,0 100 mg., inosi- 
tol 100 mg., thiamine hydrochloride 2 mg., Ca pantothenate 2 mg., nico- 
tinic acid 2 mg., pyridoxine 2 mg., biotin 20 y, and water to 10 liters. 
The succinic acid is dissolved separately and is neutralized with 10 ml. of 
nN NaOH and concentrated ammonia to pH 5. 

The medium is seeded with 30 gm. of bakers’ yeast, incubated at 29°, 
and grown overnight with aeration. Yeast harvested from such a culture 
and washed with water is completely free of metachromatic material and 
contains no metaphosphate. The yeast is separated in a Sharples centri- 
fuge, and 20 gm. are suspended in 1 liter of a medium containing 2 per cent 
glucose in M/30 KH,PO, and strongly aerated at 29°. Metachromatic 
material can be detected cytochemically after 5 minutes, and it increases 
over a period of 1.5 to 2 hours. 

Qualitative and Quantitative Determination of Metaphosphate—It is well 
known that metaphosphate has the property of precipitating proteins, and 
that it is completely hydrolyzed after 7 minutes in N HCl at 100°. Two 
other properties are very useful, the insolubility of barium metaphosphate at 
low pH values and the metachromatic reaction. ‘The precipitate of barium 
metaphosphate is gelatinous; when the concentration of metaphosphate 1s 
low, flocculation can be effected by scratching the wall of the container. 

Barium precipitation was used for the separation of metaphosphate. 
While with pure hexametaphosphate precipitation is complete at pH 2.5, 
with yeast extracts (10 per cent trichloroacetic acid in the cold) it is so only 
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when the pH is increased to 4.5. ‘The determination was made as follows: 
3 ml. of the trichloroacetic acid (TCA) solution containing from 30 to 300 
y of metaphosphoric P were neutralized with NaOH to about pH 4.5; | 
ml. of 5 M acetate buffer, pI 4.5, was added, followed by 1 ml. of a saturated 
solution of Ba( NOs)... This mixture was shaken overnight in a cold room. 
The precipitate was centrifuged down, washed with 5 ml. of water, dis- 
solved in 2 ml. of N HCl, and diluted with water to a convenient volume. 
In this solution the inorganic P formed after 7 minutes of hydrolysis in N 
HCl at 100° was found to be equal to the total P after ashing. Tests for 
pentose and ketose were negative. Inorganic pyrophosphate was not de- 
tectable with zinc acetate at pH 3.7 as the test reagent. Therefore, the total 
“7 minute P”’ precipitated with Ba at pH 4.5 may be assumed to be meta- 
phosphate. 

In one experiment the metaphosphate extracted from yeast with cold TCA 
was precipitated with barium at pH 2.5. The low pH was used in order to 
avoid adsorption of foreign materials on the gelatinous precipitate. The 
dried precipitate contained 19.6 per cent P. A precipitate obtained under 
the same conditions with pure hexametaphosphate gave 19.8 per cent P. 
The theoretical value is 21 per cent. 

The metachromatic test has been used for the cytochemical detection of 
metaphosphate (2,3). It can also be used in solution as an ordinary chem- 
ical test (8), provided interfering substances are removed. For this purpose 
the TCA extract at a pH of about 4 is treated with 0.25 volume of 5 per cent 
Pb(NO,)s in order to precipitate metaphosphate. The precipitate is washed 
and suspended in about 10 to 20 volumes of water and acidified with HCl 
to about pII 2. HS is passed through the suspension for half an hour and 
the PbS is centrifuged off. The supernatant fluid which must be clear 
(colloidal PbS adsorbs metaphosphate) is aerated. The solution is added 
drop by drop to 2 ml. of a solution of toluidine blue (80 mg. per liter). A 
change of color from blue to purple indicates the presence of metaphosphate. 
With this test metaphosphate can be detected in a concentration of 10™ M. 

Soluble Fraction—It has been shown by Macfarlane (6) that the amount of 
orthophosphate present in the acid-soluble fraction of yeast depends upon 
the physiological state of the cell. It decreases when fermentation starts 
and increases rapidly to the initial value when fermentation stops. For 
this reason all analyses were performed on yeast in a non-fermenting state. 
In order to produce this condition the cells, after washing, are kept in sus- 
pension in water at room temperature for about 10 minutes. After this 
treatment the extraction is carried out as follows: About | gm. of yeast (ap- 
proximately 250 mg. of dry weight) is centrifuged in a 50 ml. tube. The 
yeast is extracted three times for 1 hour each with 4 ml. of 10 per cent TCA 
while being shaken in a cold room (04°). The three extracts are pooled, 


olved 
ICOse, 
pped 
> and 
> rate 
yeast 
FTOW- 
SO, 
gm., 
Inosi- 
nico- 
iters. 
il. of 
29°, 
lture 
and 
‘ntri- 
cent 
natic 
“USES 
well 
and 
Two 
te at 
rium 
te is 
iner. 
iate. 
2.5, 
only 
| 
| 


922 YEAST METAPHOSPHATE 


diluted to 25 ml. with water, and used for the determination of the different 
fractions: orthophosphate, phosphate formed in 7 minutes in N HCl at 100° 
(7 minute P), metaphosphate, and total P. It was found that the first. 
second, and third extracts contained respectively about 90, 9, and less than 
1 per cent of the total acid-extractable phosphorus. 

When the extraction is made with cold 5 per cent instead of 10 per cent 
TCA, significantly less P is extracted, and further extraction with 10 per 
cent TCA gives a phosphorus fraction which is chiefly metaphosphate. The 
incompleteness of the extraction with 5 per cent TCA had been observed by 
Macfarlane (6). The orthophosphate is completely extracted with 5 per 
cent TCA. Examples are given in Table Il. Three extractions with 10 
per cent TCA, as outlined above, were used in all further experiments. 


TaBie I 
Extraction of Metaphosphate from Yeast 
Yeast extracted twice with 5 per cent trichloroacetic acid followed by two ex- 
tractions of residue with 10 per cent trichloroacetic acid. The results are expressed 
in gm. of P per 100 gm. of dry yeast. 


Extracted 


Type of yeast twice with 7 min. P Be 
Phosphorus-starved yeast after 90 5 | 0.423 1.03 Not tested 

min. with glucose and KH,PO, 10 0.015 0.38 alt Naa 
Unstarved veast after 10 min. with 5 0.156 0.11 0.00 
glucose, no phosphate 10 0.00 0.00 0.00 
Unstarved yeast after 120 min. with 5 0.26 0.17 0.06 
glucose and KH,PO, 10 0.00 0.16 0.13 


Insoluble Fraction—The residue of the cold TCA extract is treated for the 
removal of phospholipides according to the method of Schneider (12). It 
is extracted once with 10 ml. of ethanol at room temperature and twice with 
10 ml. of ethanol-ether mixture (3:1) in a bath at 90° for 3 minutes. Nucleic 
acid and other phosphate compounds are extracted from the residue as 
follows: It is first treated with 10 ml. of 5 per cent TCA at room tempera- 
ture and then twice with the same volume of TCA at 95°. The combined 
extracts are then treated with steam for 4 minutes to remove the TCA, 
and finally diluted to 50 ml. Part of this solution, diluted ten to twenty 
times, is used for the determination of the absorption of ultraviolet light 
(260 my) in the Beckman photoelectric. spectrophotometer. The rest of 
the solution is used for phosphate determination. 

Examples are given in Table II. A commercial sample of yeast ribo- 
nucleic acid (Sample 1) and ribonucleic acid reprecipitated with HCl (Sample 
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2), both treated at 95° with 5 per cent TCA, are included for comparison. 
It will be seen in Samples 3, 4, and 5 that phosphorus starvation decreases 
both the amount of P and purines and pyrimidines in such a manner that 
the ratio of the extinction at 260 my to phosphorus remains practically 
constant. As this ratio is the same as that found in nucleic acid, it indicates 
that nucleic acid is the sole important phosphorus-containing material in 
this fraction. This ratio is changed very markedly when phosphorus- 
starved yeast is incubated for 1 hour in the presence of glucose and KH»PO, 
(Samples 6 and 7), owing to the presence of an excess of phosphorus in the 
“nucleic acid” fraction. 


TABLE II 


Comparison of Ratio (Purines + Pyrimidines)/(Total P) in Yeast Nucleic Acid and 
in Hot Trichloroacetic Acid Extracts from Different Yeasts 


« = log J)// for a width of 1 cm. 


| mu xX 10 xX 108 

2 ribonucleic acid «0.57 0.61 10.7 

3 Extract of bakers’ yeast | 1.58 1.70 10.7 

4 Same as (3) after phosphorus-starvation 0.96 0.87 9.5 
(Ist starvation) 

5 Same as (4) (2nd starvation) 0.61 0.59 9.7 

6 Yeast of (5) after incubation in glucose + 3.5 0.73 2.1 

7 Phosphorus-starved yeast after incubation 1.65 0.78 4.7 


in glucose + KH,PO, 

This phosphorus is partly orthophosphate, partly easily hydrolyzable 
phosphate. For example, of 440 mg. of “nucleic acid” P per 100 gm. of 
yeast, 150 mg. were orthophosphate and 70 mg. were 7 minute P.' Since 
orthophosphate had already been extracted with cold 10 per cent TCA, it 
seems probable that partial hydrolysis of some labile phosphorus compound 
occurred during extraction with hot 5 per cent TCA. By deducting the 
orthophosphate plus 7 minute P from the total P, the ratio, eo m, to P, was 
found to be in agreement with that for nucleic acid. Examples for this will 
be given later. 


‘A correction was applied in all cases for a small quantity of orthophosphate 
which is formed as a result of the hydrolysis of nucleic acid with n HCl at 100° 
during the 7 minute P determination. This correction is based on the known rate 
of hydrolysis of ribonucleic acid under the same conditions (2) and is applied as 
follows: 1.8 X (14 minute P minus 7 minute P). 
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Nature of Insoluble 7 Minute P--In order to study the nature of this 
material it was necessary to find a method of extraction which would prevent 
hydrolysis. The best results were obtained by suspending the residue of the 
lipide extraction in water and adjusting the pH to between 8 and 9 with 
NaOH. After shaking for 1 hour at room temperature, the residue was 
removed by centrifugation and reextracted for a second and third time. 
Another aliquot was extracted with hot 5 per cent TCA as described in the 
preceding section. The results (Table III) show that the alkaline extracts 
contained 7 minute P which was almost completely precipitated by barium 


TABLE III 


Comparison of Extraction of Insoluble Metaphosphate with Alkali and with Hot 
Trichloroacetic Acid 


The results are expressed in gm. of P per 100 gm. of dry yeast. 


Method of extraction Extraction 7 min, P* | Ts 
NaOH, pH 8 Ist 0.236 0.212 
2nd 0.018 0.010 
3rd 0.002 
NaOH, pH 9 Ist 0.252 0.213 
2nd 0.016 0.006 
3rd 0.001 
Total. | 0. 269 0.219 
Hot TCA 0. 28t 


* Cor-ected for hydrolysis of nucleic acid. See foot-note 1. 
+t Orthophosphate plus 7 minute P. 


nitrate at pH 4.5. Orthophosphate was not detectable in appreciable quan- 
tity. The total 7 minute P extracted with alkali was in good agreement with 
the valuc obtained with the hot TCA extraction. The alkaline extract 
also showed a positive metachromatic reaction. It therefore seems clear 
that the insoluble 7 minute P consists largely, if not entirely, of metaphos- 
phate. 

It seemed possible that the insoluble metaphosphate was an artifact due 
to the formation of a protein-metaphosphate complex during the extraction — 
of yeast with cold TCA. This, however, does not appear to be the case, 
since TCA, in contrast to other acids, when mixed with protein and meta- 
phosphate gives a precipitate which contains very little phosphorus. When 
1 ml. of rabbit serum was mixed with 5 ml. of 1 per cent sodium hexameta- 
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phosphate and 2 mil. of 20 per cent acetic acid, an abundant precipitate was 
formed. After washing this precipitate twice with 10 per cent acetic acid 
it was found to contain 3.4 mg. of phosphorus. When the same experi- 
ment was performed with 10 per cent TCA instead of acetic acid, the pre- 
cipitate contained only 0.1 mg. of P. Probably, because of the denaturation 
of protein, no protein-metaphosphate complex is formed in the presence of 
TCA. 

The whole procedure for the quantitative determination of the two frac- 
tions of metaphosphate can be summarized as follows: 1 gm. of yeast is 
extracted three times with cold 10 per cent TCA. From this extract the 
soluble metaphosphate is precipitated at pH 4.5 with barium nitrate. The 
residue of this extraction is treated with a mixture of ethanol-ether to remove 
the phospholipides and extracted twice with 5 per cent TCA at 95°. The 
orthophosphate plus the 7 minute labile phosphate of this fraction, after 
correction for the slight hydrolysis of nucleic acid, is taken as the amount of 
insoluble metaphosphate. 

Physiological Behavior of Soluble and Insoluble Metaphosphate—In order to 
study the behavior of the twd metaphosphate fractions, their fate in the 
living cell was followed under different conditions. 

Experiment 1—40 gm. of phosphorus-starved veast were suspended in 1.8 
liters of a medium containing 40 gm. of glucose and maintained at 27-28° 
with constant aeration. After the initial sample (Sample 1) was taken, 180 
ml. of M/3 KH.PO, were added. The yeast was incubated in this medium for 
1 hour (Sample 2). After this the yeast was kept in the cold to stop further 
synthesis of metaphosphate, washed, and resuspended in the phosphate- 
free growth medium previously described. A last sample was taken after 
10 minutes of incubation at 27° under aeration (Sample 3). The results 
(Table IV) are given in per cent of P per initial dry weight of the yeast. 
There was no appreciable growth in this experiment. At the beginning the 
yeast contained a very small amount of acid-soluble P and no detectable 
soluble metaphosphate. The fraction insoluble in cold TCA consisted al- 
most entirely of nucleic acid. During incubation with glucose and phos- 
phate large amounts of soluble as well as insoluble metaphosphate were 
formed. In the third period the most striking fact was the marked decrease 
in the quantity of insoluble metaphosphate and a parallel increase in ortho- 
phosphate without any change in the soluble metaphosphate. 

Experiment 2—-The experiment was similar to the preceding one except 
that after the metaphosphate synthesis the yeast was kept in the cold for 
about 3 hours in the glucose-phosphate medium (Sample 3). It was then 
incubated in the growth medium containing glucose but no phosphate. The 
results are given in Table V. It is evident that keeping the yeast in the cold 
leads to a decrease in the amount of insoluble metaphosphate and an in- 
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TaBLe IV 
Formation and Disappearance of Insoluble Metaphosphate 


For description of samples see the text. The results are expressed in gm. of P 
per 100 gm. of dry yeast. 


Soluble in cold trichloroacetic !soluble in cold 


| acid ee 
| Total | 7 min. Total = 


| P phate! | phate 


1 0 Phosphorus-starved yeast 0.09 0.00 0.00 0.02 0.232 0.009 
60 After incubation with glu- 1.99 1 1.34 0.433 0.750 0.417 
eose and KH;PO, at 27° | 
3 120 Kept at 0°, washed and re- 2.21 1.22 
suspended for 10 min. in | 
growth medium without 
phosphate at 27° 


(0.684 0.54 0.247 


TABLE V 
Changes in Metaphosphate Fractions of Yeast 
The results are expressed i in gm. of P per 100 gm. of dry yeast. 


Soluble in cold trichloroacetic Insoluble in cold trichlor- 


| | acid oacetic acid 

| Total | Mete- | min. | | Totes | Mets | me 
| | Phos- | phos- phos- Nucleic 

phate phate phate acid p* 

0 | 0. 077 0. 00 0.01 0. 027 0.198 0. 012 9.6 

yeast 


2 75 After incubation with 1.80 0. 94 1.36 0.347 0.669 0.459 9.5 
glucose and KH;,- | | | 
PO, at 28° | | 

3 240 Kept at 0° in same 1.96 0.94 1.31 0.456 0.454 0.246 8.7 

medium | | 
4 265 Incubated in growth 1.85 0.93 1.27 0.405 0.518 0.328 9.0 
medium without | 

phosphate for 25 
min. at 28° 


* Nucleic acid (total P) (metaphosphate) in per ml. (cf. Table II). 


crease in orthophosphate. As the soluble metaphosphate did not change, 
it is apparent that the orthophosphate was derived from the insoluble meta- 
phosphate. In the phosphate-free growth medium (Sample 4) there occurred 
a resynthesis of insoluble metaphosphate. 

Experiment 3—This experiment differed from the preceding one in that 
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in the last period the yeast was suspended in a medium containing glucose 
but no nitrogen source. The results are given in Table VI. Here again, 
one finds a decrease in insoluble metaphosphate and an increase in ortho- 


TaBLe VI 
Resynthesis of Insoluble Metaphosphate 
The results are expressed in gm. of P per 100 gm. of dry yeast. 


Insoluble 

Soluble in cold trichloroacetic in cold 
acid trichloro- 
.~* Time Conditions acetic acid 


| 7 min. P | 


1 0 Metaphosphate-rich yeast 0.93 1.31 0.49 0.390 

4120 =Kept at 0° with glucose and 0.90 1.36 0.60 0.310 
KH,PO, 

3 199 Washed and resuspended for 0.79 1.1 0.20 0.400 


70 min. at 28° in medium 
containing glucose but no 
phosphate or nitrogen 
source 


Tasie VII 
Relation of Metaphosphate to Synthesis of Nucleic Acid 


The results are expressed in gm. of P per 100 gm. of dry veast (initial weight be- 
fore growth). 


_ Soluble in cold trichloroacetic Insoluble in cold 
acid trichloroacetic acid 
Sample | ppt. of | | | 
No. rime Conditions | | | | 


Total phate phate acid P 
P P 


l 0 Phosphorus-starved 0.066 0 0 0.015 0.157 0.016 0.141 
veast | 

2 60 After incubation at 2.24 1.22 1.22 0.475 0.648 0.484 0.164 
28° with glucose + — 
KH,PO, 

3 240 After incubation in 2.10 1.22) 1.21 0.340 0.645 0.178 0.467 
growth medium 
without phosphate | 

4 420 Prolonged growth 1.21 0.44 0.43 0.210 1.30 0.288 1.012 


phosphate during the period when the suspension of yeast in glucose and 
KH,PO, was kept in the cold. Sample 3 shows that the formation of in- 
soluble metaphosphate at the expense of internal P does not need an external 
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source of nitrogen, exactly as in the case of the synthesis of this compound 
in the presence of glucose and KH,PO,. However, in the absence of nitrogen 
the veast lost a considerable amount of P to the medium. ‘The amount of 
soluble metaphosphate and orthophosphate decreased, the latter more than 
one would expect from the increase in insoluble metaphosphate. 
Experiment 4—In this experiment the yeast which had previously ae- 
cumulated metaphosphate was allowed to grow in the phosphate-free but 
otherwise complete medium. ‘The results are presented in Table VII. The 
amount of phosphorus in the different fractions is expressed on the basis of 
the initial dry weight of the yeast. When growth began (Sample 3), the 
quantity of nucleic acid P (total insoluble P minus insoluble metaphosphate) 
increased. Since no phosphate was present in the medium, the phosphorus 
came from that contained in the cells. It can be seen that at first this in- 


Taste VIII 


Synthesis of Soluble and Insoluble Metaphosphate in Normal and Phosphorus-Starved 
Yeast 


The results are expressed in gm. of P per 100 gm. of dry yeast. 


Insoluble 
Soluble in cold trichloroacetic in cold 
acid trichloro- Total 
Conditions acetic acid metaphos- 
phate 
M Orth 
Phosphorus-starved yeast 0 0.01 0.027 0.012 0.012 
Normal yeast 0) 0.109 0.156 0.039 0.039 
After incubation with glucose + KII,PO, for 120 min. 
Phosphorus-starved yeast 0.940 1.36 0.347 0.459 1.399 
Normal yeast ©0.190 0.334 0.264 0.585 0.775 


crease was accompanied by a corresponding decrease in the insoluble meta- 
phosphate of the yeast, while the soluble metaphosphate remained constant. 
As growth continued the absolute amount of nucleic acid continued to in- 
crease, so that at the end of the experiment (Sample 4) when the number 
of cells had approximately doubled, the nucleic acid P had increased more 
than 7-fold. After the initial decrease, the insoluble metaphosphate in- 
creased slightly, while the soluble metaphosphate was rapidly used up. 
At the beginning of growth the demand for phosphorus was satisfied by 
the insoluble metaphosphate and orthophosphate of the cells. Later, when 
a low level of the insoluble metaphosphate had been reached, the soluble 
metaphosphate was used as a source of phosphorus. This experiment, 
however, does not necessarily indicate that metaphosphate is a normal inter- 
mediate product in the synthesis of nucleic acid. 

Experiment 5—It has already been reported (2) that the accumulation of 
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metaphosphate is greatest when synthesis occurs after a period of phosphorus 
starvation. It was of interest to compare the amounts of soluble and in- 
soluble metaphosphate synthesized by normal and phosphorus-starved yeast 
cells. The results of such an experiment are presented in Table VIII. 
When the two series of values are compared, it may be seen that the total 
metaphosphate accumulated by starved yeast (1.39 per cent P) is greater 
than that formed in normal veast (0.77 per cent P). ‘This difference is due 
tu a large accumulation of soluble metaphosphate in phosphorus-starved 
yeast; insoluble metaphosphate is synthesized by both normal and starved 
cells to approximately the same extent. 


SUMMARY 


1. Two distinet fractions of metaphosphate occur in yeast. One, termed 
“soluble” metaphosphate, can be extracted with cold 10 per cent trichloro- 
acetic acid. ‘The other, referred to as “insoluble” metaphosphate, can be 
extracted (together with nucleic acid) by alkali or by hot 5 per cent trichloro- 
acetic acid. Methods for the quantitative determination of the two frae- 
tions are described. 

2. Solutions of both types of metaphosphate give a metachromatic reac- 
tion with toluidine blue. 

3. The insoluble metaphosphate is metabolically more active than the 
soluble one and is rapidly and reversibly transformed to orthophosphate in 
the cell. When yeast which has previously accumulated metaphosphate is 
allowed to grow in a medium without phosphate, nucleic acid synthesis is 
accompanied at first by a disappearance of insoluble metaphosphate and then 
continues at the expense of the soluble metaphosphate. 


I wish to thank Dr. C. F. Cori and Dr. G. T. Cori for their helpful advice 
and interest in this work. 
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ON THE POSSIBLE UTILIZATION OF SULFATE SULFUR BY THE 
SUCKLING RAT FOR THE SYNTHESIS OF CHONDROITIN 
SULFATE AS INDICATED BY THE Usk 
OF RADIOACTIVE SULFUR 


By DOMINIC D. DZIEWIATKOWSKI,* RUTH BENESCH, 
REINHOLD BENFESCHt 


(From the Department of Biochemistry, School of Hygiene and Public Health, The 
Johns Hopkins University, Baltimore) 


(Received for publication, December 17, 1948) 


It has been shown that the animal organism cannot avail itself of admin- 
istered sulfate sulfur for the synthesis of cystine in vivo (1). The data of 
Singher and Marinelli (2) and our own data (3), though showing an accumula- 
tion of S*, given as sulfate, in bone and bone marrow, still do not indicate 
that the sulfur has been incorporated in any new compound. That sulfate 
sulfur can be utilized in the synthesis of urinary ethereal sulfates in rivo 
has been demonstrated (4-7). It may be that sulfate of exogenous origin 
can also combine in similar fashion through ester linkages in an animal or- 
ganism to form compounds like chondroitin sulfate, mucoitin sulfate, heparin, 
and the like. These might be retained in an animal’s tissues for some time. 
To test this possiblity the concentration of S*, given as sodium sulfate by 
intraperitoneal injection, was followed in the knee joint cartilage of suckling 
rats. An attempt was also made to determine whether or not the S8®*® present. 
in the cartilage was present therein as chondroitin sulfate. 


EXPERIMENTAL 


In the first series of experiments 7 day-old suckling rats of both sexes from 
the colony of Professor E. V. MeCollum were injected intraperitoneally 
with 0.2 mg. of sodium sulfate, containing S® (2.26 * 10° counts per min- 
ute) in 0.1 ml. of water.' All the animals were carefully observed for about 
10 minutes after injection and discarded if there was evidence of leakage. 
After injection the animals were returned to the mother. 

The animals were sacrificed by decapitation. Blood was collected by hold- 
ing the decapitated animal over a tared, small porcelain evaporating dish. 


* Present address, Hospital of The Rockefeller Institute for Medical Research 
66th Street and York Avenue, New York 21. 

t One of us (R. B.) gratefully acknowledges grants from the Milbank Memorial 
Fund and Nutrition Foundation. 

'The S* used in this investigation was supplied by the Clinton Laboratories, 
Monsanto Chemical Company, and obtained on allocation from the United States 
Atomic Energy Commission. 
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The evaporating dish with the blood was covered with a tared watch-glass 
and weighed immediately. The blood samples were oxidized with the re- 
agent of Denis (8). Before precipitation of the sulfate as barium sulfate 
5 ml. of a 0.05 N solution of sodium sulfate were added as carrier. 

The knee joints were freed of muscle, tendons, and sheath. After rinsing 
in distilled water and blotting with absorbent paper, they were weighed im- 
mediately. They were then ignited to red heat with about 20 mg. of an- 
hydrous sodium carbonate in covered quartz evaporating dishes. On cool- 
ing, the residue was taken up in a slight excess of 20 per cent hydrochloric 
acid and filtered through acid-resistant filter paper. The quartz dish was 
rinsed with 5 ml. of 0.05 N sodium sulfate solution and repeatedly with 
small amounts of distilled water. All rinsings were passed through the 
filter paper in turn. ‘The sulfate in the filtrate was precipitated as barium 
sulfate. 

All barium sulfate samples were isolated by centrifugation and, after wash- 
ing with distilled water in the centrifuge tubes, transferred as slurries in 70 
per cent ethanol to tared counting cups (9). 

The activity of cach sample was determined by the use of a 2.8 mg. per 
sq. cm. mica end window Geiger-Miiller tube (Victoreen), and a Cyclotron 
Specialties scaler. At least two separate determinations of the radio- 
activity of each sample were made for a period of time sufficiently long to 
obtain a precision of about 2 per cent. All values were corrected for decay 
and self-absorption. 

In the second series of experiments suckling rats were injected intra- 
peritoneally with 0.1 mg. of labeled sodium sulfate (S®, 1.13 105 counts per 
minute) in 0.05 ml. of water. Four rats were thus injected when 3 days old, 
four when 5 days old, four when 7 days old, and four when 9 days old. All 
these rats were sacrificed 24 hours after injection. Blood and cartilage were 
analyzed as above. 

Some of the animals that were inadequately injected were set aside and 
sacrificed either 24 hours or 48 hours later. One cleaned knee joint from 
each animal was placed in each of two pools. One of these pools of cartilage 
was then fused with sodium carbonate as described above. The cartilage of 
the second pool was treated according to the method of Bray et al. (10) for 
the isolation of chondroitin sulfate, except that instead of isolating the chon- 
droitin sulfate the filtered clear solution of the barium salt of chondroitin 
sulfate was exhaustively hydrolyzed with concentrated hydrochloric acid. 
On cooling and dilution of the hydrolysate, barium sulfate was precipitated. 
To insure more complete precipitation of the sulfate from chondroitin sul- 
fate, 5 ml. of 0.05 ~ sodium sulfate and 5 ml. of 5 per cent barium chloride 
solution were added to the cool dilute hydrolysate. The barium sulfate 
was isolated by centrifugation and its activity determined as indicated 


above. 


| 


DZIEWIATKOWKSI, BENESCH, AND BENESCH 933 


To determine the fraction of the dose retained by suckling rats after ad- 
ministration of 0.1 mg. of labeled sodium sulfate (S®, 1.13 XX 10° counts per 
minute) eight rats, 7 days old, were injected intraperitoneally. Four of 
these rats were sacrificed by decapitation 24 hours later; the remaining four 
rats, 48 hours later. Decapitation was done over a beaker containing 50 
ml. of 10 per cent sodium hydroxide. The entire carcass of each rat was 
hydrolyzed for approximately 8 hours in this sodium hydroxide solution on 
a steam bath. ‘The hydrolysate (residual bone was easily pulverized with 
a glass stirring rod to a fine powder) was diluted, while still hot, to 200 ml. 


Blood | 
Body weight | 
6000}- 45 3 
= 4000 410 <2 
= 
2000 45 ¥ 


20 AU bO 60 100 140 160 180 


Hours after administration of ” 


Fig. 1. Retention of 5 by the blood and articular cartilage of suckling rats. 
The rats were 7 days old at the time each was given 0.2 mg. of labeled sodium sul- 
fate (2.26 & 10° counts per minute) by intraperitoneal injection. The number above 
any point along the curve for S*® in cartilage indicates the number of animals used 
to arrive at the value of the point and the corresponding points on the other curves. 


After mixing well to suspend the bone powder, 5 ml. aliquots were trans- 
ferred to nickel crucibles and dried with 4 gm. of anhydrous sodium carbon- 
ate in a drying oven at 110-120°. The dried material was mixed with so- 
dium peroxide and oxidized according to the directions of Bailey (11). 


RESULTS AND DISCUSSION 


Observations on the change in the concentration of S® with time in the 
cartilage of the knee joints after intraperitoneal administration of labeled 
sodium sulfate to 7 day-old suckling rats are summarized in Fig. 1. Exami- 
nation of Fig. 1 shows that there is a progressive increase in the concentra- 
tion of S* until the 24th hour after the injection of the labeled sodium sulfate. 
During the same period of time the blood concentration of S* falls rapidly. 
After the 24th hour the S® appears to be slowly lost from the cartilage. 
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The decrease in the concentration of the S® in the cartilage is actually even 
less rapid than that indicated in Fig. 1. From Fig. 2, in which the activity 
of S® per cartilage sample is plotted against time, it is evident that this 
apparent loss is probably mostly a dilution effect due to the increase in the 
weight of the cartilage of the growing animals. It is realized that the weights 
of cartilage samples were not the weights of cartilage actually present in the 
knee joints: some of the cartilage was trimmed away in cleaning the knee 
joints. But, even with this consideration in mind, it is suggested that the 
curve of the activity of S® found in the cartilage samples with increasing time, 
Fig. 2, indicates the possibility that the S® was retained in some form in the 
cartilage without appreciable loss between the 24th and 164th hours after 


20 40 680 00 120 140 160 
Hours after administration of 5° 

hic. 2. Concentration of S* per sample of articular cartilage obtained from the 

knee joints of suckling rats. The rats were 7 days old at the time each was given 0.2 

mg. of labeled sodium sulfate (2.26 * 10° counts per minute) by intraperitoneal in- 

jection. The value of each point is the average value obtained on the number of 
animals shown in Fig. 1. 


100 <= 

e——* Activity in cartilage ,-” 48 

> sample 

= 


Count per min 


2 


administration of the labeled sodium sulfate. It is suggested that the ap- 
parent decrease, Fig. 1, in the S® concentration, 24th to 164th hour, is pr- 
marily a result of dilution with newly formed cartilage. 

The experiment summarized in Table I was an attempt to determine 
whether the rate of uptake of S®*, given as sodium sulfate, changed markedly 
with the age of the suckling rat. From Table I, Column 6, it would appear 
that the rate of uptake decreases with age in rats 3 to 9 days old. A cal- 
culation made on the basis of difference in weight of the animals at the 
different ages, Column 7, Table I, however, suggests that there is little differ- 
ence in the rate of uptake of the S® by the cartilage. Similar calculations 
made for the blood did not give values approaching a constant. 

The experiments cited thus far only suggested the possibility that sulfate 
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sulfur might be utilized by the suckling rat in the synthesis of chondroitin 
sulfate. As a test of this possibility, the cartilage of the knee joints of in- 
adequately injected animals was divided into two pools on two separate 


TABLE I 


S® in Blood and Cartilage of Suckling Rats Injected Intraperitoneally at Different 
Ages with Labeled Sodium Sulfate 


Each rat was given 0.1 mg. of sodium sulfate, containing S* (1.13 X 10° counts 
per minute) in 0.05 ml. of water. The rats were sacrificed 24 hours later. 


Rat No. Age Body weight Blood | WXA* Cartilage WX A* 
(1) (2) (3) (4) : (S) | (6) | (7) 
2 | 7375 | 
82 | | 3395 
4 5850 
Average | 35 6272 56, 448 
5 5 11.4 4425 
6 8.3 | 4310 
41 | | 6260 | 
| 
Average _ 10.3 
14.0 2 3285 
12 | Bs 55 4660 
Average 503 49,449 
13 9 16.5 68 3460 
14 13.5 63 3485 
15 15.2 88 3880 
16 15.4 59 3590 
15.2 69 106493604 54,780 


* Body weight X activity in 100 mg. of cartilage or 100 mg. of blood. 
occasions, and analyzed as described in the experimental section. The re- 
sults of this experiment, shown in Table II, suggest that the suckling rat 
may use exogenous sulfate sulfur in the synthesis of chondroitin sulfate and 
that the major portion, if not all, of the sulfate sulfur retained in the cartilage 
may thus be used. The data in Table II are not as yet unequivocal proof 
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Taste Il 


Concentration of S* in Chondroitin Sulfate after Intraperitoneal Administration of 
Labeled Sodium Sulfate 


Activity Pa 100 mg. cartilage after Activity | in muni purified chon- 


Experiment No. sodium carbonate fusion droitin sulfate from 100 mg. cartilage 
counts 

l 9380 (227) 9200 (235) 

° 3660 (178) 3615 (177) 


The rats in Experiment 1 were , killed Py hours after an attempt to inject 2.26 x 
10* counts per minute per animal; those in Experiment 2, 48 hours after an attempt 
to inject 1.13 XK 10° counts per minute per animal. Some of the animals used in 
these experiments received an additional injection immediately after the first at- 
tempt was found to be unsuccessful. The figures in parentheses are the actual 
weights in mg. of the cartilage in the samples. 

A test was made of the possibility that inorganic sulfur was carried along in the 
partial purification of the chondroitin sulfate. To each of two pools of cartilage, 
from uninjected suckling rats, 1 mg. of sodium sulfate containing 5* (945 counts 
per minute) was added. The sulfur of the partially purified chondroitin sulfate was 
isolated as BaSO, and the activity of the latter determined. In one instance, 5 
counts per minute and, in the second, 32 counts per minute were observed. 


Taste III 


Concentration of S® in Carcass of Suckling Rat 24 and 48 Hours after Intraperitoneal 
Administration of Labeled Sodium Sulfate 


Each rat, when 7 days old, received 0.1 mg. of sodium sulfate, containing S* 


Rat No. Time after Bod S*® in whole ‘ss per 100 mg. S*% excreted 


injection weight carcass | carcass 
(1) (2) (3) abt eS... | (6) 
counts ger cont per min. lcounts pe min. per cent 
1 24 13.6 35,065 258 | 77,935 68.9 
2 14.0 38,190 | 273 | 74,810 66.2 
3 15.4 35,390 | 230 77,610 68.6 
4 12.8 36,340 | 284 76, 660 67.8 
Average............... 14.00 261 76,754 67.87 
5 ~e | 17.4 | 2,777 125 91,223 80.7 
6 125 90, 824 80.3 
| | 143 87,838 77.7 
8 | 18. a 28,493 157 84,507 74.8 
Average .............. 17.72 24,402 138 88,598 78.37 


that it is chondroitin sulfate which holds the S®. They are strongly sugges- 
tive of this possibility, but it is still necessary to isolate and characteriz 
chondroitin sulfate to establish the fact completely. 
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With the demonstration of the retention of sulfate sulfur by the cartilage, 
the question arose as to the amount of 5*® which these animals excreted after 
administration of labeled sodium sulfate. An answer was sought indirectly, 
since rats of the suckling age employed could not be isolated very well for 
the collection of urine and feces. The activity of S® in the carcass at the end 
of the 24th and 48th hours was determined instead. The difference be- 
tween the amount detected in the carcass and the amount of S*® adminis- 
tered was assumed to be the amount excreted. The results of this ex- 
periment are summarized in Table III. The suckling rat at 7 days of age 
appears to excrete about as much of a 0.1 mg. dose of sodium sulfate as an 

jult rat excretes of a 1 mg. dose (3). In the suckling rats used only 20 to 
25 »er cent of the S* administered as sodium sulfate could be detected in the 
carvass after a lapse of 48 hours. 

't is of interest to compare the data in Table III, Column 5, for the rats 
sa rificed after 24 hours with the data in Table I, Column 6, for the 7 day- 
old rats. From these figures it appears that in 7 day-old rats, 24 hours after 
injection, the average concentration of 5®* in the carcass is 261 counts per 
minute per 100 mg., whereas that in the cartilage is 3636 counts per minute 
per 100 mg. ‘The average concentration of 5®* in the cartilage is thus found 
to be about 14 times as great as the average concentration in the whole 
carcass. 


SUMMARY 


Suckling rats, 7 days of age, were found after 48 hours to have retained 
20 to 25 per cent of the S® contained in a 0.1 mg. dose of labeled sodium 
sulfate. 

Of the S® retained by the suckling rat, 7 days of age, an amount many 
times that present in the blood and about 14 times that present in the 
whole carcass at the 24th hour was found in the cartilage of the knee joints. 
An increase in the concentration of the S* in the cartilage was observed up to 
the 24th hour after administration of the labeled sodium sulfate. The sub- 
sequent decrease in the S® concentration up to the 164th hour was slight. 

Data are presented which suggest that the rate of uptake of S*, admin- 
istered as sodium sulfate, may not be markedly different in suckling rats 
3 to 9 days of age. 

On the basis of a partial separation of chondroitin sulfate from the car- 
tilage of the knee joint of animals injected with sodium sulfate, containing 
S*, it is suggested that the major portion, if not all, of the labeled sulfate 
sulfur retained by the articular cartilage may be retained therein as chon- 
droitin sulfate. Unequivocal proof of this possibility must yet be obtained. 


The authors are sincerely grateful to Mrs. E. V. McCollum for making 
available the suckling rats used in the investigation. 
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THE OXIDATION OF t-TYROSINE BY GUINEA PIG LIVER 
EXTRACTS 


By ROBERT RIDGELY SEALOCK ano RUTH L. GOODLAND 
(From the Department of Chemistry, Iowa State College, Ames) 


(Received for publication, October 25, 1948) 


With the discovery that a deficiency of ascorbic acid leads to the excre- 
tion of partially oxidized tyrosine metabolites, the localization of the 
vitamin effect in one or more specific tissues became of first importance in 
an analysis of the mechanism involved. This objective was achieved when 
it was found that liver slices from deficient animals behaved differently 
from those derived from normal ones. Tyrosine was readily oxidized by 
normal non-deficient slices but not at all by slices removed from scorbutic 
guinea pigs (1). However, upon addition in vitro of the crystalline vitamin 
the deficient slices regained their ability to oxidize the amino acid. Asa 
consequence of these findings, it was decided to study the rédle of the vita- 
min in cell-free preparations which, as is well known, lend themselves more 
satisfactorily to the chemical characterization of the enzymes involved. 
Broken cell suspensions made from guinea pig livers had been previously 
used by Bernheim and Bernheim (2), who reported that such preparations 
oxidized tyrosine with an uptake of extra oxygen equivalent to 4 atoms per 
mole of amino acid present, as do preparations from several other species. 
Felix and his associates (3, 4) have also described experiments of a similar 
type with pig liver extracts in which the same ratio has been readily ob- 
tained. In a later paper Bernheim (5) found that guinea pig liver homo- 
genates oxidized ‘“‘tyrosine too slowly to obtain definite end-points.” 
Unfortunately, the comparison of the normal and scorbutic state in a prob- 
lem of this type requires the use of the guinea pig. 

Therefore, preparations were made from normal guinea pigs according 
to the procedure of the above authors. With tyrosine as the substrate 
an appreciable rate. of oxidation was observed but the variability of total 
oxidation and the failure to obtain the expected ratio of 4 indicated diffi- 
culties which would not immediately permit precise comparison of normal 
and scorbutic livers. The oxidative behavior of cell-free suspensions and 
extracts from normal liver was studied in detail, the results obtained and 
further properties relative to tyrosine oxidation being herewith described. 


EXPERIMENTAL 


Young guinea pigs were maintained on a diet of Purina rabbit chow 
(complete ration) supplemented with either green food or crystalline as- 
939 
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eorbic acid. For each experiment the liver was removed from the stunned 
and decapitated animal after thorough bleeding. According to the pro- 
cedure of Bernheim and Bernheim (2) it was chopped and ground in q 
mortar with sand. ‘‘For every gm. of tissue 0.5 to 1.0 ce. of 0.05 m phos. 
phate buffer, pH 7.8, was added and the suspension pressed through 
muslin.” In our case, disodium phosphate and monopotassium phosphate 
were used in making the buffer and we also adjusted the suspension to pH 
7.8 before use. 1 ml. was used in the main compartment of each flask 
and either 0.5 mg. (2.76 micromoles) or 1.0 mg., unless otherwise indicated, 
of L-tyrosine in 1 ml. of buffer was placed in the side arm. In suitable 


I 
Tyrosine Oxidation by Guinea Pig Liver Homogenate 
Homogenate was prepared by the method of Bernheim. Each ml. was equivalent 
to 0.5 gm. of liver. 1 mg. of tyrosine contained in 1 ml. of 0.05 m buffer was used. 
The incubation time was 3 hours. 


Oxygen consumption 


pH 
Control values Excess oxygen oe — 
Tyrosine 
microlilers microliters atoms per mole | 

7.8 368 1.80 
413 115 1.86 
270 192 3.11 
340 10s 1.74 
7.4 380 156 2.53 
386 169 2.74 
324 G4 1.52 


controls, tyrosine was omitted from the buffer contained in the side arm. 
Carbon dioxide was absorbed in the usual fashion. Incubation was 
allowed to proceed for 3 hours, or for other times as stated, and at 37.5”. 
Oxygen uptake was measured at intervals and the control values sub- 
tracted from the experimental values in order to determine the substrate 
or excess Oxygen. 

In early experiments, illustrated in Table I, wide variation of the oxygen 
consumption of the controls, of the substrate oxygen, and the calculated 
oxygen to tyrosine ratio was observed. Furthermore, the ratio failed to 
approach the expected value of 4. The excess oxygen was in all cases 
more than 25 per cent of the control values but yielded an average oxygen 
to tyrosine ratio of 2.13 atoms per mole of tyrosine present. In adjusting 


| 
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the pH of these homogenates, it was found that during the grinding process 
values of 6.9 to 7.4 were obtained. Consequently, pH 7.4 was used in 
additional experiments. As may be seen in the last three experiments of 
Table I, no great improvement was achieved and the average ratio of 2.36 
was obtained. 

The same technique of preparing liver tissue was used in many additional 
experiments. However, the all-glass homogenizer offered greater con- 
venience and freedom from contamination and was consequently used 
extensively. By centrifuging either type of preparation a suspension, 
readily pipetted and cell-free, was obtained. No real difference between 
the two types of extract in either basal or substrate oxygen was observed. 

The failure to obtain maximum oxygen uptake is understandable, for 
Bernheim (2) has pointed out that it is achieved ‘‘provided the tissue prep- 
aration is sulliciently concentrated.”’ Obviously in these experiments the 
ratio of enzyme to substrate concentration was inadequate. In order to 
determine the ideal ratio for guinea pig liver additional experiments with 
increased tissue and decreased tyrosine quantities were carried out. For 
the sake of comparison an assumption not entirely true was made. For 
example, when | ml. of buffer was added to 1 gm. of liver, it was assumed 
that 1 ml. of the resulting preparation represented 0.5 gm. of liver. How- 
ever, on this basis experiments at different levels have been compared. 
In Fig. 1 the excess oxygen to tyrosine ratio at 3 hours is plotted against 
the gm. of liver per mg. of tyrosine. Approximately equal numbers of 
values at pH 7.4 and 7.8 are represented. It is to be observed that a 
typical enzyme concentration curve is obtained and that with the higher 
ratio of tissue to substrate the oxygen to tyrosine ratio of 4 almost results. 
This latter was accomplished with 0.5 gm. of liver and 0.25 mg. of tyrosine 
in the reaction vessel. Thus it may be concluded that normal guinea pig 
liver homogenates likewise oxidize tyrosine with an uptake of 4 atoms of 
oxygen. 

Added evidence for the conclusion that substrate oxidation in a given 
period is dependent upon the ratio of tissue to tyrosine may be obtained 
in another way. Incubation of different amounts of tyrosine with 1 ml. 
quantities of the same liver preparation yields the typical substrate con- 
centration curve. In one such experiment, the same amount of extract 
(1 ml., equivalent to 0.5 gm. of liver) with 0.25, 0.5, and 1.0 mg. of tyrosine 
yielded oxygen to tyrosine ratios of 3.49, 2.86, and 2.68 respectively. The 
larger oxygen values in microliters are obtained with the larger quantities 
of tyrosine, although the greater oxygen to tyrosine ratios are obtained with 
the smaller substrate quantity. In no case has there been encountered a 
true inhibition due to excess substrate, as Bernheim and Bernheim have 


Suggested (2). 
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Further confirmation may be seen in Table II in which a dilution-type 
experiment is summarized. In this the liver was ground with 1 ml. of 
buffer per gm. according to the Bernheim technique. 0.4, 0.6, 0.8, and 1.0 


mole 
T 


oo \ 
re) 


ro 


OXYGEN / TYROSINE, atoms / 


i i 


2.0 


1.0 
LIVER / TYROSINE, gm. /mg 


Fig. 1. Tyrosine oxidation at different ratios of liver to tyrosine. Lach cirele 
indicates the oxidation of the tyrosine present at the corresponding ratio of liver to 
substrate. The forty-one points were obtained with thirty-five guinea pigs. The 
smooth curve corresponds approximately to the average values at the different ratios. 


Tassie Il 
Tyrosine Oxidation by Liver Homogenate 


Homogenate was prepared according to the method of Bernheim and adjusted to 
pH 7.4. 0.25 mg. (1.38 micromoles) of tyrosine was employed. The reaction volume 
in each flask was 2.0 ml. and the incubation time was 2 hours. 


Oxygen | 
Liver | ‘Tyrosine oxygen 
Control Experimental 
sm. microisiers microliters atoms per mole omic per gm. 
0.2 Sb 0.71 55 
0.3 125 152 1.79 WwW 
0.4 192 228 2.33 oO 


0.5 257 305 3.11 96 


ml. of the resulting extract were placed in respective pairs of flasks, buffer 
being added where necessary to make 1 ml. The final reaction volume was 
2.0 ml. in all the flasks, the experimental ones containing 0.25 mg. of tyro- 
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sine. With increasing quantities of tissue the control oxygen values at 2 
hours increase, as is to be expected. Likewise, the experimental values 
show the same increase, and the calculated oxygen to tyrosine ratios like- 
wise increase. ‘The substrate oxidation per gm. of tissue is remarkably 
constant, except with the least amount of liver, as may be seen in the last 
column of Table II. This one discrepancy emphasizes the critical nature 
of tissue concentration in avoiding limiting concentrations of necessary 
factors in the enzyme system. 

Various modifications of the method of conducting the experiments have 
been studied, but in no case has there been a significant improvement in the 
enzyme activity. However, in keeping with the suggestion of Felix (3, 4) 


4} 

E 2.0 gm / mg. 

us 

0.67 gm/mg. 

> 

z 

©o 

> 0.25 gm / mg. 

i i i 

6.6 7 74 78 82 
pH 


Fic. 2. The effect of pH on tyrosine oxidation illustrated with the results of three 
different experiments. Each curve was obtained with the ratio of liver to tyrosine 
indicated by the figures accompanying the curve. 


the buffer concentration in subsequent experiments has been 0.2 m in 
order to stabilize the system more completely. Particularly is this neces- 
sary when larger quantities of tissue are used. Simultaneously with the 
study of possible modifications other characteristics of the enzyme system 
have been determined. 

In the first place, the pH of the over-all reaction has been investigated 
The findings are summarized in Fig. 2, from which it may be seen that the 
optimal value is in the neighborhood of pH 7.2 to 7.4. This finding may 
be contrasted with that of Felix and his associates (3), for they found that 
similar preparations from pig liver exhibited optimal activity at pH 7.8. 
Furthermore, they reported definite separation of the steps of the reaction 
by choice of the pH. With guinea pig liver such a separation has not been 
encountered. 
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One of the most interesting characteristics of the homogenates is their 
stability upon storage in the cold. An extract was prepared in the usual 
fashion and a portion tested immediately. The remainder was stored at 
0—4° and small portions retested, after readjustment of pH, at the time 
intervals indicated in Table III. As would be expected, the control 
oxygen consumption for 3 hours of incubation decreased very rapidly during 
24 hours of storage. In the same length of time no decrease in the ability 
of the preparations to oxidize tyrosine was observed. Even with 48 hours 
of storage no significant part of the original activity had disappeared. 
With the second preparation 87 per cent remained after 4 days of storage 
and with the first preparation a definitely measurable quantity (18 per 
cent) still remained at 6 days. Consequently it may be concluded that in 
the form of concentrated liver homogenates the tyrosine-oxidizing enzyme 


Stability of Tyrosine-Oxidizing System 
Experiment I Experiment II 
Control oxygen Control oxygen Oxygen 
Tyrosine Tyrosine 
Ars. | microliters aioms per mole microliters aloms oar 
0 406 2.61 495 2.19 
3 231 3.07 
24 219 2.97 240 
48 147 2.87 205 
72 157 1.89 
96 114 1.9] 
0.49 


or 
~ 
ov 


system is remarkably stable. This in turn suggests that the more unstable 
types of enzymes are not components. For example, it would seem some- 
what unlikely that the cytochrome system is involved. 

Of importance in the further fractionation is the question of the solu- 
bility of the enzyme system in the extracting buffer. Even the centrifuged 
homogenates upon microscopic examination showed the presence of sus- 
pended small particles, including clumped nuclei and other types of cell 
débris. By comparing the activity of an ordinary homogenate with a 
fraction of the same homogenate that had been subjected to centrifuging 
at 18,000 R.p.m., evidence for the solubility of the system was obtained. 
After centrifuging for a total of 30 minutes, the contents of the centrifuge 
tube were separated into three fractions. The upper third was quite 
watery, although colored, while the middle third was somewhat more viscous 
and still contained finely divided particles in suspension. The bottom 
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fraction consisted of fairly well packed solid material which was resus- 
pended in an equivalent volume of buffer. The oxygen consumption of the 
regular preparation and of each fraction was determined, with the results 
shown in Fig. 3. It is obvious that the supernatant liquid retained the 
ability to oxidize tyrosine. While differences in the uptake of oxygen in 
the control flasks occur to some extent, the oxygen to tyrosine ratios shown 
with the first three pairs of curves represent after 5 hours 79.5, 75.9, and 
78.5 per cent of the expected ratio of 4 for the untreated preparation and 
upper layer and middle layers, respectively. In contrast the substrate 
oxygen of the heaviest fraction is only 12.5 per cent of the maximum value. 


--—4 
HOUR 
= 
> 
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2 
uncent 
x lower layer 


TIME 

Fic. 3. The oxygen consumption in control and experimental flasks obtained with 
the usual homogenate and the same homogenate centrifuged at 18,000 R.p.m. O, 
homogenate plus tyrosine; @, homogenate only. The first pair of curves corresponds 
to the original preparation. The second, third, and fourth pairs of curves represent 
the upper, middle, and lower layers, respectively, of the centrifuged material. The 
values accompanying each pair of curves indicate the ratio of oxygen to tyrosine 
present (atoms per mole) in each case. 


The liquid lavers thus account for nearly all of the activity of the original 
preparation. 

With this demonstration of the solubility of the enzymes it then became 
possible to undertake the study of their composition. Their behavior 
upon dialysis was ascertained in order to approach their fractionation more 
intelligently. Centrifuged homogenate was dialyzed in the cold against 
0.2 mM phosphate at the pH shown in Table IV. For comparison the 
activity of the undialyzed preparation, measured as soon as it was prepared, 
isshown. From the results of the first five experiments, it is apparent that 
at either pH 7.4 or 6.0 dialysis for 20 or more hours leads to a complete 
loss of activity. That this cannot be due to storage has been shown by 
those experiments above which established the remarkable stability of the 
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enzymes. With shorter dialysis the loss of activity may be followed. For 
example, at pH 6, 49 per cent of the original activity is lost in 2 hours, and 
in 4 hours only 5 per cent remains. From these experiments it may be 
concluded that dialyzable factors are necessary to the uptake of even the 
first atom of oxygen in tyrosine oxidation. Further, these factors are 
removed from the protein portion very rapidly on dialysis. 

As evidence that the protein remains active during the dialysis the results 
obtained with addition of boiled extract to completely inactive dialyzed 
extracts may be cited. The boiled extract represented the water-soluble 


Taste lV 
Dialysis of Liver Extracts 


Freshly prepared extracts at the concentration indicated were dialyzed in the cold 
against 0.2 m phosphate with frequent changes of dialyzing medium. The pH values 
at which the dialysis was conducted are shown. In testing, the pH was 7.4, the orig- 
inal test being made as soon as the extract was prepared. The substrate was 0.5 mg. 
of tyrosine and the reaction volume varied from 2.0 to 2.2 ml., 1 ml. of extract being 
used. The oxvgen values in all cases are the totals obtained at 3 hours. 


Oxygen consumption 


~ 


Guinea Undialyzed Dialyzed 
Control pH Time Control 
yrosine yrosine 
| gm. per mi. microliters atoms per mole hrs. microliters atoms per mole 
415 | 0.34 | 225 1.00 7.4 0) 29 0 
425 | 0.5 194 3.15 7.4 27 71 0 
426 | 0.5 255 2.36 7.4 29 57 0 
439 «0.34 168 1.55 6.0 22 0 
40 136 1.52 6.0 22 59 0 
40 3.37 6.0 2 114 1.72 
4 75 0.17 
62 0 


portion obtained from the usual homogenate by heating it in a boiling water 
bath. This boiled extract consumed oxygen in insignificant quantities 
when tested alone or with tyrosine. Examination of the values of Table 
V, particularly those of the last column, discloses significant tyrosine oxida- 
tion upon combining the extract and the dialyzed preparation, even though 
the original activity has not been regained, except in one case. The original 
activity for all but two experiments is recorded in Table IV, corresponding 
preparations being indicated by the number of the guinea pig. From this 
it may be concluded that dialysis removes components necessary to tyrosine 
oxidation and consequently the protein fraction becomes enzymatically 
inactive. These components may be replaced with a boiled extract of liver 
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tissue With a subsequent return of activity. Thus, the protein is reasonably 
stable to the conditions existing during dialysis as well as storage, and, even 
more important, the dialyzable or non-protein components are thermo- 
stable under the conditions emploved. More recently it has been demon- 
strated that even better reactivation occurs when a concentrated dialysate 
is employed instead of the boiled extract. 

One additional feature of the activity of the liver preparations requires 
examination in order to facilitate fractionation of the system and, for that 
matter, comparison of the normal and scorbutic animals. The fact that 


TABLE V 
Reactivation of Dialyzed Homogenates by Boiled Liver Extracts 
The boiled extracts were prepared by heating homogenates at the concentration 
and pH shown for 10 to 30 minutes in a boiling water bath. The centrifugates were 
used in the quantity indicated, the equivalents indicating the proportion of liver of 
boiled extract to liver of dialyzed extracts. The tests were carried out as in Table 
IV, except that the reaction volumes were 2.5 to 2.7 ml. The guinea pig numbers 


represent the source of dialyzed preparation as deseribed, with one exception, in 
Table IV. 


Boiled extract Oxygen consumption 
Guinea 
rom. Liver pH Amount in test Control re | re 
gm. per mi. mi. equivalents microliters microliters atoms per mole 
415 0.67 7.0 0.5 l 121 165 1.42 
415* 0.5 ] 117 149 1.00 
426 0.67 6.0 0.1 0.14 71 S5 0.42 
439 0.67 van 0.5 | 200 244 1.40 
439+ 0.5 1 162 199 1.18 
450 0.67 6.9 0.5 ] 127 159 1.03 
440 0.5 7.0 0.5 0.5 104 124 0.65 
453 0.67 7.0 0.5 l 0.49 


* Retested after 24 hours storage. 
t Retested after 72 hours storage. 


tyrosine oxidation occurs with the uptake of 4 atoms of oxygen and is not 
readily separable into individual steps requires the use of as many methods 
as possible in order to evaluate the reaction mechanism. Consequently, 
in addition to oxygen consumption, colorimetric analysis of the tyrosine 
remaining at the end of the incubation has been carried out. This is not 
entirely satisfactory, since Felix (3) has shown that the first product of 
the oxidation also reacts in the Millon procedure. 

As rapidly as possible after the last manometer readings were taken, the 
contents of the flasks were transferred into 1 ml. of 10 per cent metaphos- 
phoric acid contained in graduated centrifuge tubes. Trichloroacetic acid 
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could not be used, since precipitates formed with it in several of the analyti- 
cal methods employed. After dilution to 10 ml. and thorough mixing, the 
solutions were allowed to stand for 30 minutes before centrifuging. Ap- 
propriate aliquots of the supernatants were then analyzed by means of the 
Bernhart method (6). The values for the control flasks, which were usually 
small, were deducted from the experimental values. The difference repre. 
sented the total “tyrosyl” value and included the quantity of added tyro- 


Tanie VI 

Colorimetric Analysis of Tyrosine Oxidation 
Incubations conducted in the usual fashion at pH 7.4 for 3 hours and in 2 ml, of 
total reaction volume. The term, O:T,, is the ratio of substrate or excess oxygen to 
the tyrosine present at the beginning of the incubation. ‘‘Tyrosine oxidized”’ repre. 
sents the difference between the phenolic value after incubation and the tyrosine 
originally present, but does not represent added amino acid. The term, O:T,, is 
the ratio of excess oxygen to “tyrosine oxidized.’ For fuller explanation the text 

should be consulted. 


Liver 
Oxygen excess o:T “Tyrosine oxidized”’ O:T, 
1.0 mg. tyrosine 5.52 um 
gm. perme. |  microatoms atoms per mole | micromoles atoms per mole 
0.1 2.12 0.385 1.27 1.67 
0.25 3.75 0.679 1.01 3.72 
0.25 1.39 0.252 0.60 2.32 
0.35 11.7 2.12 2.45 1.77 
0.5 11.5 2.08 3.58 3.21 
0.67 10.7 1.94 4.05 2.64 
0.67 15.4 2.78 4.47 3.45 
0.67 15.5 2.81 4.57 3.38 
0.5 mg. of tyrosine (2.76 um) 
1.14 6.25 2.26 | 0.95 | 6.58 
9 02 3.26 1.75 5.15 


sine and first product remaining at the conclusion of the incubation. By 
subtracting this quantity from the original tyrosine, a value designated as 
the “tyrosine oxidized” has been obtained. From this it then has been 
possible to calculate an additional term, the ratio of substrate oxygen to 
“tyrosine oxidized,”” which is designated as O:T.. It must of course be 
distinguished from the original ratio of oxygen to tyrosine present at the 
beginning of the experiment (O:T,). ‘The results of a series of experiments 
in which the method was employed are recorded in Table VI. With increas- 
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ing amounts of liver per mg. of tyrosine, the excess oxygen and oxygen to 
tyrosine present increase as shown in the above paragraphs. Likewise, 
as may be seen, the ‘tyrosine oxidized” as measured by the colorimetric 
method also increases. At the same time, the ratio of oxygen to tyrosine 
“ealculated’’ approaches the theoretical value of 4. This value, of course, 
ean be achieved only when all of the tyrosine which undergoes the first 
stage of oxidation proceeds on through to complete oxidation without 
accumulation of residual chromogenic first product. Further, when both 
the O:T, and O:T, equal 4.0, the reaction may be regarded as having 
reached the stage of completion previously ascribed to liver preparations. 
The three out of the ten values in Table VI which are greater than 4.0 are 
probably the result of errors inherent in the experiments and which sum- 
mate in the ratio, O:T.. In spite of this objection, however, the additional 
tool makes possible a more complete analysis of the reaction mechanism 
and the enzymes involved. 

Additional analyses have also been made but the results serve only to 
confirm the well known fact that tyrosine is ketogenic in its oxidative catab- 
olism, and in its conversion to acetone bodies yields po a-keto acid or 
ammonia in the presence of liver homogenates. Cénsequently, these 
results will not be presented in detail here. ’ 


DISCUSSION 


Experiments with a large number of guinea pigs have shown that the 
livers of this species yield a cell-free preparation capable of oxidizing tyro- 
sine to the extent that 4 atoms of oxygen are consumed for each mole of 
tyrosine. ‘This oxidation occurs if the concentration of tissue is sufficiently 
great. Consequently, the guinea pig, in this respect, is in the same category 
with other species such as the rat studied by Bernheim and Bernheim (2) 
and the pig as studied by Felix and his associates (3). As a result of these 
experiments, it becomes possible to understand instances in which the 
maximum oxygen ratio is not obtained. For example, Edson (7), using 
rat liver homogenate, obtained only 2 atoms of oxygen per mole of tyrosine. 
In our own experience, rat liver preparations with the lower liver concentra- 
tions frequently fail to show optimal rates of tyrosine oxidation. With 
higher concentrations or decreased amounts of tyrosine the expected value 
is readily obtained. 

It seems reasonable to assume that the above difficulty is indirectly a 
result of one important aspect. In all experiments dealing with this oxida- 
tion system, regardless of species, exceptionally large amounts of tissue are 
required. The 0.5 gm. of liver per 2 ml. of reaction volume frequently 
employed represents a 25 per cent suspension or extract and is to be con- 
trasted to the few mg. used in the great majority of enzyme studies in 
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carbohydrate metabolism and even in some types of protein or amino acid 
systems. If we may suppose that essentially optimal conditions are being 
used, then it must be concluded that the quantity of the enzymes concerned 
is relatively small and their respective rates are of lower order. This 
represents something of a handicap, for the larger quantities of tissue lead 
to higher and more variable control values and the greater lack of uniformity 
in substrate oxidation, whether it be measured manometrically or colori- 
metrically. 

A low order of enzyme concentration or activity such as observed in this 
case may indeed constitute a less attractive system for study by the chem- 
ist, but should not be regarded as indicative of lack of physiological impor- 
tance. This system is present in liver tissue and therefore may be considered 
an operating part of the total catabolic metabolism. In fact, when one 
considers the ease with which phenylalanine may be converted to tyrosine 
in the animal body, it is apparent that a more active destruction of tyrosine 
in oxidative degradation would decrease the quantity of the two amino 
acids available for protein synthesis and other anabolic functions. At the 
same time, operation of the system, even at reduced velocity, must decrease 
the quantity of tyrosine available for formation of undesirable products 
such as the pressor amines, tyramine, and 3-hydroxytyramine. With little 
further argument in this vein, it can be concluded that this tyrosine-oxida- 
tive system plays a significant rdle in the total economy of the animal body, 
operating under the influence of numerous physiological factors and con- 
centration gradients. It therefore is worthy of further characterization 
both from the in vitro and the in vivo standpoint. 


SUMMARY 


Cell-free homogenates prepared from guinea pig livers oxidize L-tyrosine 
with an uptake of 4 atoms of oxygen per mole of tyrosine present, provided 
an adequate quantity of liver per unit of tyrosine is employed. In these 
experiments 2 gm. of liver per mg. of tyrosine were necessary for maximum 
oxidation. 

The tyrosine-oxidizing system of guinea pig liver exhibits maximum 
oxidation at pH 7.2 to 7.4 and a remarkable stability upon storage in the 
cold. As much as 87 per cent of the original activity remains after 4 days 
of storage. 

The activity is soluble in the aqueous buffer solution employed rather 
than a part of the particulate matter separated by high speed centrifuging. 

Upon dialysis the preparations rapidly lose their ability to oxidize tyro- 
sine, but regain it with addition of boiled extract, from which it may be 
concluded that thermostable dialyzable components constitute a portion of 
the enzyme system. 
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When insufficient enzyme is present to cause complete oxidation, the 
tyrosine remaining may be determined by colorimetric means. By com- 
paring substrate oxygen and the tvrosine disappearing, a ratio of 4 atoms 
of oxygen per mole of tyrosine oxidized is obtained within the limits of error 
of the methods emploved. 
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EXCRETION OF ESSENTIAL AMINO ACIDS BY MEN ON A 
CONTROLLED PROTEIN INTAKE* 


By CECIL C, HARVEY ano M. K. HORWITT 
(From the Biochemical Research Laboratory, Elgin State Hospital, Elgin, and the 
Department of Biological Chemistry, College of Medicine, University of 
Illinois, Chicago) 


(Received for publication, November 12, 1948) 


A nutritional project at the Elgin State Hospital (1) provided an oppor- 
tunity for the study of the excretion of amino acids by a group of twenty 
men on a controlled protein intake.! Data obtained from such a study 
might be expected to throw some light on amino acid metabolism and 
might possibly have some clinical significance. The subjects taking part 
in this study were a group of male mental patients, with varied and unre- 
lated psychiatric diagnoses, who had been on the controlled diet for a 
period of 3 years, during which time they had maintained their body 
weight and nitrogen balance. Frequent analyses of the diet indicated 
its constant composition with respect to nitrogen and B complex vita- 
mins. 

Most of the subjects at some time during the period preceding this 
study had been on a diet which was restricted in thiamine and riboflavin. 
However, the protein content did not vary, either during the period of 
restriction or during the subsequent period of supplementation. At the 
time when the urines were collected for the present study, all the sub- 
jects had been on a vitamin-supplemented régime (1) for from 3 to 11 
months and were free from any signs of nutritional deficiency. 

The protein intake during the 3 years preceding the evaluation of amino 
acid excretion was approximately 55 gm. per man per day. The average 
caloric intake per day was 2200 calories. Actual food consumption and 
food rejection were controlled in a diet kitchen especially equipped for 
this purpose. Approximately half of the protein in the diet was derived 
from meat. 

Preliminary microbiological assays for urinary amino acids with Strepto- 
coccus faecalis R indicated that the amount of “free’’ amino acid in the 
urine was in most cases small, and that some urines contained a sub- 


* Supported by grants from the Josiah Macy, Jr., Foundation and the Milbank 
Memorial Fund. A preliminary report of this work has appeared (Federation Proc., 
6, 259 (1947)). 

‘A comprehensive description of the dietary phases of this work is given in Bul- 
letin 116 of the National Research Council entitled “Investigations of human re- 
quirements of B-complex vitamins.”’ 


953 


O54 AMINO ACID EXCRETION 


stance which inhibited the growth of the microorganism. With the idea 
that the inhibiting substance might be urea some of the urines were heated 
with hydrochloric acid to hydrolyze the urea. Practically all signs of 
inhibition of bacterial growth were absent when the hydrolyzed urine 
was assayed. The fact that the amino acid content of the urine increased 
several fold as a result of acid treatment indicated that the assays of 
the hydrolyzed urines would probably be worth while. Accordingly 
most of the data to be reported were obtained from analvses of urines 
which had been heated with 6 N hydrochloric acid. 


EXPERIMENTAL 


24 hour urine samples were collected under toluene. Preliminary tests 
had shown that when urines were adjusted to pH 6.9 with sodium hydrox- 
ide and autoclaved the pH increased to between 8.0 and 8.5 and was oc- 
casionally even higher, presumably owing to a change of bicarbonate to 
carbonate. Because large amounts of urine were required for assay of 
most of the ‘‘free’’ amino acids, the addition of these urines, varying 
both in volume and pH, would produce variations in hydrogen ion con- 
centration in the assay tubes. Such a condition would invalidate the 
results of the assay. To prevent this variable increase in alkalinity on 
autoclaving, aliquots were acidified immediately after collection with 
acetic acid to pH 4 and then autoclaved for 10 minutes at 15 pounds 
pressure. After cooling, the acidity was adjusted to pH 6.9 and distilled 
water was added to replace the amount evaporated. The urines were 
then autoclaved for 15 minutes at 15 pounds pressure and stored under 
sterile conditions in the refrigerator until used for assay. Urines so pre- 
pared were used for the assay of ‘“‘free’’ amino acids. 

To obtain data on the “total’’ amino acid content, the urines were 
hydrolyzed as follows: 200 to 300 ml. aliquots of urine prepared for assay 
of “free”? amino acids, as described above, were filtered into tared flasks 
and evaporated in vacuo to a residue of 25 to 30 gm., 1 ml. of 12 Nn hy- 
drochloric acid was added for each gm. of residue, and the mixture re- 
fluxed for 8 hours. The hydrochloric acid was then removed by evapora- 
tion to dryness in vacuo. The residue was washed onto a filter by means 
of a stream of hot water and then washed repeatedly with hot water. 
The filtrate after adjustment to pH 6.9 was diluted to one-half the volume 
of the urine taken for hydrolysis and then autoclaved for 15 minutes 
at 15 pounds pressure and stored under sterile conditions in the refrigera- 
tor until used for assay. 

The amino acid intake was determined from analysis of three dried, 24 
hour food composites corresponding to the 3 days urine collection. 

Aliquots were hydrolyzed by refluxing for 9 hours with 6 N HCl. After 
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hydrolysis they were filtered, diluted to definite volume, and stored in 
the refrigerator under toluene until used for assay. 

All assays of food and urine were done microbiologically. Streptococcus 
faecalis R was used for the assay of all the amino acids to be reported 


TABLE I 
Composition of Basal Media 


Constituent final volume Constituent 
Medium Medium Medium Medium 
A* Bt A* Bt 
me. me. mg. me. 

pL-Alanine 100 100 Sodium acetate, an- 
L-Asparagine 200 200 hydrous 6,000 6,000 
L-Aspartic acid 200 200 Sodium citrate 20,000 20,000 
L-Arginine HC! 50 | 100 NaCl 10 10 
L-Cystine 2000-200) MgSO,-7H20 200 200 
L-Glutamiec acid 400 FeSO,:-7H,0 10 10 
Glycine 7 75 MnSO, 10 10 
L-Histidine- HC)-H20 50s Ka HPO, 5,000 | 500 
pL-Isoleucine KH PO, 500 
pL-Leucine 200 200 170 170 
pL-Lysine 330 | 200 Glucose 20,000 | 20,000 
pL-Norleucine «100 Thiamine 500 500 
pt-Norvaline 100 | 100. Riboflavin 500 500 
pi-Phenylalanine | Nicotinic acid 1,000 1,000 
pL-Serine 70 | 170 | Calcium dl-pantothe-— 500 500 
pL-Threonine 170 «#170 nate | | 
pL-Tryptophan 100 | 100 Pyridoxamine-2HCI 300 | 
L-Tyrosine 100 p-Aminobenzoic acid 300 300 
Adenine Folic acidt 17 | 17 
Guanine 10 #810 
Uracil 10 10 
Xanthine 10 «10 


* For assay of arginine, histidine, isoleucine, leucine, lysine, methionine, threo- 
nine, tryptophan, and valine, the amino acid to be estimated being omitted from 
the medium. 

t For assay of phenylalanine. 

t Lederle synthetic. 


here with the exception of phenylalanine for which Lactobacillus delbrueckii 
LD5 was used. 

The contents of the basal media are listed in Table |. Medium A is 
based on reports by Greenhut, Schweigert, and Elvehjem (2) and of 
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Baumgarten, Mather, and Stone (3). Medium B is with some modificea- 
tions that described by Stokes, Gunness, Dwyer, and Caswell (4). Stab 
stock culture and inoculum for assay were prepared according to the 
method of Stokes and Gunness (5) with the exception that 1 gm. of yeast 
extract was added to the ingredients listed by the above authors. In 
the case of assays with Streptococcus faecalis R the extent of bacterial 
growth was determined turbidimetrically, after 20 to 24 hours incuba- 
tion at 35° in a forced draft oven. A Coleman spectrophotometer with 
wave-length set at 650 mu was used. Variable turbidities which might 
be present in the different urines were eliminated by centrifuging and 
using only the clear supernatant liquid for assay. To eliminate effects 
of turbidities resulting from the reaction of the urine with the basal medium 


Taste II 
“Total”? Essential Amino Acids in Urine of Twenty Subjects on Controlled Diets 


i 
No of Average Average excretion Excreted x 100 + 


Amino acid _ daily per day + standard Ingested 

| | diet | deviation standard deviation 

| | gm. | mg 
Arginine... | | 3.0! 1824 3.1 | 0.62+0.13 
Histidine........ | 3 | 1.9 | 66.942 | 3.5 41.3 
Isoleucine......... 8 | 8.1 | 10.04 2.9 | 0.3340.0 
Leucine... 2 45 15.54 4.2 0.3340.10 
13.1! 68+ 66 0.56402 
Methionine... 3 «1.2 62+ 1.4 0.54+0.11 
3 | 2.9 13.04 3.4 0.4724+0.14 
Threonine......... 3 | 2.6 | 2.24 7.4  0.7840.27 
| 8 3.0] 19.02 5.4 | 0.6220.17 


or light absorption by the urine, blanks were run on all urines. The blank 
tubes were treated exactly as the others with the exception that they were 
not inoculated. In the case of phenylalanine assays with Lactobacillus 
delbrueckii LD5, measurements were made by titration of the acid pro- 
duced after 72 hours incubation at 37°. Table II shows the results ob- 
tained from the analyses of the urines for “‘total’’ amino acids and com- 
pares the amino acids excreted with the amounts ingested. Table III 
gives a similar tabulation of the “free’’ amino acids. 

The treatment of the urine described above, i.e. heating the urine at 
pH 4 followed by neutralization and again heating, and the filtration of 
the aliquots of such urines before their hydrolysis make it unlikely that 
more than traces of coagulable protein were present in the urines. The 
several fold increase in amino acid content after hydrolysis must then be 
due to splitting of non-coagulable amino acid complexes. An attempt 
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was made to obtain an estimation of the larger non-coagulable amino 
acid complexes by treating a sample of each urine before hydrolysis with 
Exton’s reagent (20 gm. of NaSO,-10H,O and 5 gm. of sulfosalicylic 
acid in 100 ml.). The amount precipitated was compared turbidimetri- 
cally with similarly treated dilute solutions of human serum albumin. 
Although it is recognized that this affords only a rough approximation, 
it does give comparative results, which indicate that the amounts of non- 
coagulable amino acid complexes precipitated by Exton’s reagent are a 
relatively minor part of the “total’”’ amino acid figure obtained. 


Tasie Ill 
“Free’’ Essential Amino Acids in Urine of Subjects on Controlled Protein Intake 


Excreted 
Average Average excretion 2 100 + 


em. mg. 
Arginine. . 6 412 1.9 0.14420.07 
Histidine... . 19 19 38.024 15.1 2.17 + 0.98 
Isoleucine... 6 l 3.1 09+ 04 0.04 4 0.01 
Leucine... . 6 1 45 10+ 04 0.02 + 0.01 
Lysine... .. 5 502 1.0 0.1740.04 
Methionine... 19 3.0+ 0.9 | 0.27 + 0.06 
Phenylalanine... 6 l 2.9 4.72 1.5 | 0.20 + 0.05 
Threonine... 9 432 1.7 | 0.1740.07 
Tryptophan... 20 2 0.52, 11.62 4.1 | 2.4 +1.1 
6 1 3.0 0.6 | 


2.4 + 


0.08 + 0.02 


RESULTS AND DISCUSSION 


The data for the excretion of “‘total’’ amino acids given in Table II 
show that the values range from 6.2 mg. per day in the case of methionine 
to 66.9 mg. per day in the case of histidine. The values are much lower 
than those reported by workers using chemical methods (6-10). Others 
who have used microbiological methods (11-15) have also obtained re- 
sults lower than those obtained by chemical procedures. To account 
for these differences, certain possibilities have been suggested. Part of 
the amino acids may be excreted in the form of the unnatural isomer, 
which cannot be utilized by the assay organism, but would take part in 
the chemical reaction. So far, however, it has not been demonstrated 
that natural amino acids are converted by the body into their optical 
antipodes. It is also possible that certain amino acid metabolites or 

ther urinary constituents may take part in the chemical reaction with- 
out being capable of utilization by the microorganism. Finally, there 
remains the possibility that some urinary constituents may inhibit or ac- 
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celerate growth of the organism *® Sauberlich and Baumann (i2) in dis- 
cussing this point state, “It is doubtful whether the method for a single 
amino acid has been studied adequately for the influence of compounds 
other than the one being determined, and it might be questioned whether 
absolute value should be ascribed to the results of microbiological assays 
on so complex a mixture as urine. On the other hand, the parallelism 
observed in the present study between the amounts of protein ingested 
and the amounts of amino acids excreted in microbiologically available form 
suggests that the assays vield results that are at least roughly quantita- 
tive.”’ 

In the present study recoveries of amino acids added to hydrolyzed 
urine ranged from 88 to 110 per cent. Only an occasional hydrolyzed 
urine exhibited drift in one of the amino acid assays; i.c., the results were 
not proportional to the different amounts of urine added. There were 
no cases of drift caused by any of the 59 urine samples in the analyses 
for arginine, histidine, phenylalanine; for leucine, none out of 39; for iso- 
leucine and methionine, 1 each out of 59; for valine, 2 out of 59; for thre- 
onine, 3 out of 59; and for lysine, 3 out of 38 urines. The fact that two 
urine samples exhibited drift in the assay of only two of the nine amino 
acids and six other urines exhibited drift in the assay of only one of the 
nine acids would seem to indicate that there was an interference in the 
utilization of particular amino acids when present in small quantities 
rather than a more general growth inhibition of the microorganism. 

The amounts of ‘total’? amino acids found to be excreted in the urine 
in the present study are less than those recently reported by other workers 
(13, 15, 16) who have studied the content of amino acids in hydrolyzed 
urines, using microbiological methods. Table IV compares the sets of 
results obtained by different laboratories. Differences may in part be 
due to differences in amino acid intake. The last three columns of Table 
IV give values for the daily amino acid requirements as quoted by Block 
and Bolling (17). Comparison of the suggested requirements with the 
amounts actually consumed indicates the improbability that very much 
of any amino acid was consumed in excess of the daily requirement. On 
the other hand, since body weight was maintained for over 3 years on this 
diet, it is apparent that there was no amino acid deficiency. Under these 
conditions one would expect the excretion in the present study to be close 
to minimum values, provided that excretion is dependent upon the amount 
ingested. That such a relationship exists is indicated in Table IV by 
comparing the results obtained by Dunn ef al. on subjects on normal 


? Dunn et al. (13) have reported that a worker in their laboratory has found that 
hippuric acid has a greater growth-promoting activity per mole than does glycine 
for Leuconostoc mesenteroids P-60. 
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diets and on I ration, and by comparing the results obtained by Scheffner 
et al. (16) on two subjects with slightly different intakes of amino acids. 
With the exception of histidine, lysine, and threonine, our results agree 
with those of Scheffner ef al., particularly in the case of Subject 1 of the 
latter authors, whose amino acid intake was very close to that of our sub- 
jects. 

Sauberlich and Baumann (12) have found that the amount of amino 
acids excreted by rats and mice is dependent upon the amount in the 
diet. ‘These authors have also found differences in excretion between 
the two species. Pearce, Sauberlich, and Baumann (18) have studied 
the excretion of amino acids by mice fed incomplete proteins and have 
found that on such deficiency diets there is an increase in excretion of 
amino acids other than the one which was absent from the diet. 

The failure of the subjects to lose weight on a diet containing only 2200 
calories is indicative of their general inactivity. Their sedentary be- 
havior, though punctuated by administrative attempts to supply exer- 
cise in the form of walks and recreational activities, did not allow for 
much muscular metabolism. Perhaps this lack of muscular activity is 
in part responsible for the small exeretions obtained. 

Table ILI summarizes the findings with regard to the excretion of “free’’ 
amino acids. The term “free”? amino acid indicates those forms of the 
amino acid available for growth of the assay organism without the in- 
tervention of acid hydrolysis. It will include not only the truly free amino 
acid and its simple salts, but also any combined amino acid (in peptides 
or other conjugated form) which the organism is able to use for growth. 
With the exception of tryptophan, the “free’’ amino acids were not studied 
as extensively as the “total’’ amino acids. The tryptophan values of 
the present study range from 6 to 22 mg. per day, with an average of 11.6 
mg. Other values that have been reported are as follows: Schweigert, 
Sauberlich, and Elvehjem (11) 12 to 30 mg. per day; Frankl and Dunn 
(19) 13 to 23 mg. per day on normal diets and 28 to 44 mg. on K ration 
diets; Schweigert, Sauberlich, Elvehjem, and Baumann (20) 6 to 10 mg. 
per day, with an average of 6.9 mg. 

Our values tor the excretion of ‘‘free’’ amino acids, with the exceptions 
noted below, are in fair agreement with those of Steele e/ al. (14). We 
found small amounts of leucine, whereas these workers reported that it 
was absent. Our values for histidine were about one-half and that of 
threonine about one-sixth that found by Steele et al. Woodson et al. 
(15) report values somewhat larger in almost all cases than those obtained 
by Steele ef al. and ourselves. 

Individual subjects had a tendency to excrete amino acids at charac- 
teristic levels. Six men gave the highest excretion values for each assay, 
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while another six men consistently gave the lowest values. There may 
be some correlation between the amount of amino acid excreted and 
either age or body weight. The older individuals tended to excrete larger 
amounts of amino acids than the younger ones, but the older men aver- 
aged 17 pounds heavier than the younger men. Albanese and Frankston 
(7) reported that the excretion of tryptophan was proportional to the 
body weight, but Schweigert, Sauberlich, and Elvehjem (11) found no 
such correlation. 


SUMMARY 


The excretion of “total” and ‘“‘free’’ essential amino acids has been 
studied in a group of men on a controlled diet. 55 gm. of protein per 
day were supplied by this diet which permitted the maintenance of body 
weight and nitrogen balance for a period of over 3 years. 

Average excretion of “total”? amino acids varied from 6.2 mg. per day 
in the case of methionine to 66.9 mg. per day in the case of histidine. 
Average excretion of “free’’ amino acid ranged from 0.9 mg. per day in 
the case of isoleucine to 38 mg. per day in the case of histidine. The 
amount of ‘total’? amino acid excreted was several fold that of the “‘free’’ 
amino acid excretion. 

The amounts excreted were lower than some workers have found, 
using similar microbiological assays. This may be due to the limited 
amount of essential amino acids ingested by the subjects used in this 
report. 
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THE METABOLISM OF RADIOACTIVE 
PENTOBARBITAL IN MICE* 


By LLOYD J. ROTH, EDGAR LEIFER, JOHN R. HOGNESS, anv 
WRIGHT H. LANGHAM 


(From the Los Alamos Scientific Laboratory of the University of California, Los 
Alamos, New Merico) 


PLATE 1 
(Received for publication, December 27, 1948) 


The synthesis of radioactive urea (C™) of high specific activity! permits 
one to trace the metabolism of urea and many of its readily synthesized 
derivatives, v.e. the barbiturates. 

The universal use of the barbiturates in clinical medicine makes an in- 
vestigation of their metabolism in the animal of interest. Pentobarbital 
sodium (nembutal) (tagged with C™, specific activity 8400 counts per 
second per mg.) has been prepared in these laboratories from radioactive 
urea.! The metabolism of this compound has been the subject of re- 
peated investigation both in vivo and in vitro. Recently the problem 
has been attacked by van Dyke, Seudi, and Tabern (1) who used the N®- 
labeled compound. However, since the compound labeled with C™ af- 
fords greater sensitivity and accuracy in the analytical methods, the re- 
sults of our investigation are reported here. 


EXPERIMENTAL 


Each of twelve female mice (CF, strain) was injected intraperitoneally 
with 0.5 mg. of C'-labeled sodium pentobarbital. The animals in groups 
of three were placed in a series of all-glass metabolism cages (2). No 
anesthetic effect was noted. Urine and exhaled CO. were collected at 3, 
6h, 12, 24, 48, and 72 hours. The urine was analyzed for radioactivity by 
direct plating (3) and for the CO, by preparing BaCO,; plates. Feces were 
collected over a period of 72 hours and completely extracted of radio- 
activity in a Soxhlet apparatus with water as the solvent. Animals were 
sacrificed at 3 hour intervals for the first 12 hours, the tissues burned, 
and the resulting CO, precipitated as BaCOs; and analyzed for radio- 
activity. 

The metabolic products in the urine were studied by means of the 
methods of filter paper chromatography. 0.1 ml. of pooled urine (0 to 


* This document is based on work performed under contract No. W-7405-eng-36 
for the Atomic Energy Commission. 
‘Murray, A., 3rd, and Ronzio, A., manuscript in preparation. 
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12 hours) corresponding in radioactivity to 6 y of original pentobarbita] 
was placed in a transverse line (in three repeated doses to keep the band 
narrow) on a strip of Whatman No. | filter paper 2 &K 42 cm.; on a see. 
ond strip 0.1 ml. of urine plus 0.03 y of radioactive pentobarbital was 
placed; on a third strip 0.03 y of radioactive pentobarbital was placed. 
Chromatograms of groups of three such as that described above (es. 
sentially, the application of the isotope dilution technique to chroma. 
tography) were developed in the following solvent systems, by means of 
one-dimensional paper chromatography (4): (a) hexanol-ethanol (2:1) 
saturated with water, (b) n-butanol saturated with 3 per cent ammonium 
hydroxide, (c) n-butanol saturated with water, (d) n-butanol-ethanol 
(9:1) saturated with water, (e) n-butanol-acetone (3:1) saturated with 
water. Radioautographs of the finished chromatograms were made by 
placing the filter paper strips in contact with no-screen or Blue Brand 
x-ray film in casettes for a 6 day period to permit the 8-ravs of C™ to 
expose the film. 


RESULTS AND DISCUSSION 


78 per cent of the injected activity was recovered in the urine and 2 
per cent in the feces, making the total recovery 80 per cent of the injected 
dose. This low recovery value is presumably due to errors in injection 
and collection of specimens. The activity found in the feces might have 
resulted from contamination with the urine. Of the activity found in 
the urine 90 per cent was excreted during the first 12 hours of the experi- 
ment. The radioactivity found in the tissues after 3 hours (the earliest 
specimen obtained) was too small to evaluate quantitatively, but it would 
appear that at this time it was not concentrated in any specific tissue. 
No activity was found in the exhaled CO). This lends support to our 
results that cleavage of the ring to urea and malonic acid does not occur, 
as it has been previously shown that 20 per cent of radioactive urea in- 
jected into mice is converted to COs (5). 

Fig. 1 shows a typical analysis of a urine specimen collected from a 
mouse that had been injected with radioactive pentobarbital. The 
radioautographs of the chromatograms indicate at least five radioactive 
metabolites in the urine and in addition demonstrate the purity of the 
original injected compound. In agreement with the work of Shonle 
and coworkers (6), who were unable to recover any pentobarbital in the 
urine of dogs, a comparison of chromatograms A, B, and C in the van- 
ous groups shows that certainly less than 0.5 per cent (0.03 7/6 y) of the 
pentobarbital, if any, is excreted unchanged. Similar chromatograms 
with use of radioactive urea and urine demonstrated that less than 0.5 
per cent, if any, of the ring is split directly to urea. 


varbital 
e hand 


1 a sec- 
tal was 
placed. 
ve (es- 
hroma- 
Pans of 
| (2:1) 
*thanol 
d with 
ade by 
Brand 
to 


and 2 
jected 
jection 
t have 
und in 
experi- 
~arliest 
would 
tissue. 
to our 
occur, 
rea in- 


rom a 
The 
active 


of the 


ROTH, LEIFER, HOGNESS, AND LANGHAM QH5 


Van Dyke and coworkers (1) with the use of N"-labeled pentobarbital 
fnd a small percentage of N*™ in the urea fraction (less than 7 per cent, 
with admittedly high error). Assuming their results were correct and 
assuming that the metabolism in mice and dogs is similar, one would 
conclude that the N® appearing in the urea does so by virtue of some 
transformation other than direct splitting of the ring to urea; otherwise 
the same per cent of C™ activity would be found in the form of urea. 
Using isotope dilution techniques and repeated recrystallization, these 
authors conclude that 2.7 per cent of the drug in their experiments is 
excreted unchanged. From Fig. 1 it is seen that the major metabolite 
of pentobarbital has solubility properties very similar to the original 
pentobarbital. The likelihood of the occurrence of coprecipitation in 
repeated recrystallization may be significant under these conditions and 
therefore some doubt may be cast on the finding of 2.7 per cent of un- 
changed drug (7). 

From the position of the metabolities on filter paper strips a method 
for the further investigation and concentration of the metabolic product 
of pentobarbital is shown. 


SUMMARY 


The metabolism in mice of sodium pentobarbital (C-labeled) in- 
jected intraperitoneally has been investigated. Of the 80 per cent of 
C* activity recovered, 78 per cent was found in the urine and 2 per cent 
inthe feces. No activity appeared in the exhaled COs. 

Filter paper chromatographic analyses of the urine indicate the pres- 
ence of five radioactive metabolites, none of which are urea or the orig- 
inal pentobarbital. 
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EXPLANATION OF PLATE 1 


Fig. 1. A typical analysis of a urine specimen collected from a mouse injected with 
radioactive pentobarbital. 0.01 ml. of test solution was placed on each filter paper 
at the dotted line. The filter paper strip is 2 X 42 cm. Whatman No. 1. A, urine 
and radioactive nembutal; B, urine; C, radioactive nembutal. 
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THE EFFECT OF 3-INDOLEACETIC ACID ON THE RESPONSE OF 
LACTOBACILLUS ARABINOSUS 17-5 TO NICOTINAMIDE 


By ARTHUR W. GALSTON ann MARGERY E. HAND 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, November 15, 1948) 


Lactobacillus arabinosus 17-5 has been widely used as an assay organism 
for nicotinic acid (NA) since the development of the method by Snell and 
Wright (1). Although it has been realized that other substances present in 
tissue extracts may interfere with the bioassay, the nature of such substances 
has not been elucidated. 

During an investigation of tryptophan metabolism in the pea plant, we 
studied the possible conversion of this compound to nicotinic acid, since such 
a transformation has been demonstrated to occur in numerous organisms 
(24). The method involved infiltration of tissue with large quantities of 
tryptophan and subsequent bioassay for nicotinic acid with Lactobacillus 
arabinosus 17-5. Certain anomalous results led us to believe that other 
metabolites of tryptophan were interfering with the assay. Because 3- 
indoleacetic acid (LAA) is a known plant metabolite of tryptophan (5), we 
tested it for possible interference with the assay, and, as described below, 
found that such interference may occur under certain circumstances. 


EXPERIMENTAL 


The methods used were essentially those described by Snell and Wright 
(1). Stocks of Lactobacillus arabinosus 17-5 were carried as stab cultures in 
tubes containing the basal medium for the nicotinic acid assay plus 1 per cent 
agar fortified with 1 y of nicotinamide per tube. These were incubated for 
24 hours at 30° and were then removed to a refrigerator where they were 
stored until use. New stab cultures were prepared every | to 2 weeks. Or- 
ganisms to be used in growth tests were transferred to liquid cultures con- 
taining basal medium plus 0.1 + of nicotinamide per tube, and were incubated 
at 30° for 18 to 24 hours immediately prior to use. 1 drop of such a culture 
was used as the inoculum in the growth test, since it was found that the cen- 
trifugation of the culture and resuspension in saline recommended by Snell 
and Wright gave blanks which were not significantly smaller than ours. 

Standard series were prepared containing 0, 0.05, 0.10, 0.15, 0.20, 0.30, 

0.40, 0.50, and 1.0 y of nicotinamide per tube. The experimental series 

contained various concentrations of IAA in addition to nicotinamide. Be- 

cause of reports of differences among various lots of LAA (6), samples of this 
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product prepared by three different manufacturers were used. 


solutions were adjusted to pH 7.0. 


brom-thymol blue added, and the 
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at 30°; 5 ml. aliquots were then pipetted into Erlenmeyer flasks, 3 drops of 
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The effect of 100 per ce. of IAA on the response of Lactobacillus to vari- 


TABLE I 


Comparative Effects of Indoleacetic, a-Naphthaleneacetic, and 2,4-Dichlorophenory- 
acetic Acids on Response of Lactobacillus to Nicotinamide 


Titer of 0.1 s NaOH per 5 cc. culture medium 


tube 

| ce. ce. 
0 1.06 1.24 1.10 1.17 
0.10 2.25 2.28 1.13 2.13 
0.30 3.81 2.81 3.48 3.51 
1.0 | 4.20 3.86 4.35 5.35 
3.0 4.64 4.57 4.96 5.65 

4.35 4.58 


Whereas LAA is without effect 


on the growth of Lactobacillus in the ab- 


sence of NA, it enhances the growth of the organism at the higher NA values 


of the standard series. 


A concentration of 40 y per ce. of IAA was barely 


sufficient to produce a discernible effect, whereas 100 y per ec. yielded a con- 
siderable growth effect. This concentration was therefore adopted as stand- 
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ard in these experiments. In order to determine whether this IAA effect 
would be magnified at still higher NA concentrations, new standard series 
were prepared, in which the range of NA additions was carried up as high as 
100 y per tube. As may be seen from Fig. 1, the stimulatory effect of IAA 
is maintained and even magnified at the higher levels of NA. 

In higher plants, the growth-promoting effects of [AA may be duplicated 
by many aromatic organic acids (7). To see whether such materials could 
similarly substitute for IAA in the Lactobacillus growth effect, a-naphtha- 
leneacetic acid and 2, 4-dichlorophenoxyacetic acid were applied in series paral- 
lel to the control standard series and the [AA-treated series. As is seen from 
Table I, they not only failed to stimulate significantly the growth of Lacto- 
bacillus, but actually depressed it at certain NA levels. The synergistic ef- 
fect with NA seems, therefore, to be fairly specific for LAA. 


DISCUSSION 


The LAA effect described in this paper is probably of no significance in the 
Lactobacillus determination of NA because (a) the quantities of LAA present 
in normal tissues are insufficient to cause this effect and (+) the range of NA 
concentrations over which the LAA effect is exerted is not generally employed 
in assays. However, if tissues are infiltrated with tryptophan in order to 
study its conversion to nicotinic acid, the IAA formed enzymatically from 
the tryptophan may interfere with a Lactobacillus bioassay. In addition, 
since alkaline treatment of plant proteins may release bound LAA and may 
also convert tryptophan to IAA (8), such treatment should be avoided in 
tissue to be assaved for nicotinic acid. Kodicek (9) has reported that alka- 
line hydrolysis of grains vielded a material biologically inactive as NA which 
reacted with the evanogen-p-aminoacetophenone reagent to give an intensi- 
fied color. ‘This interference with a chemical determination of NA may also 
be attributable to LAA, 

The fact that a NA-IAA interaction exists in Lactobacillus as well as in 
higher plants (10) indicates some definite metabolic connection between 
these two physiologically important compounds. At present, we are unable 
to explain the nature of the interaction. 


SUMMARY 


1. Indoleacetic acid, itself without effect on the growth of Lactobacillus, 
enhances the growth of this organism in the presence of high concentrations 
of nicotinamide. 

2. a-Naphthaleneacetic acid and 2,4-dichlorophenoxyacetic acid, which 
may replace indoleacetic acid in growth effects in higher plants, are without 
such effect on Lactobacillus. 

3. Because of the large quantities of LAA needed to produce this effect, 
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it is unlikely that IAA normally interferes with the microbiological assay for 
nicotinic acid. 


BIBLIOGRAPHY 


. Snell, E. E., and Wright, L. D., J. Biol. Chem., 189, 675 (1941). 
. Beadle, G. W., Mitchell, H. K., and Nyc, J. F., Proc. Nat. Acad. Sc., 33, 155 


(1947). 


. Krehl, W. A., Sarma, P.8., Tepley, L. J., and Elvehjem, C. A., Science, 101, 49 


(1945). 


. Rosen, F., Huff, J. W., and Perlzweig, W. A., J. Biol. Chem., 163, 343 (1946), 
. Wildman, 8. G., Ferri, M. G., and Bonner, J., Arch. Biochem., 13, 131 (1947), 
. Cohen, 8S. 8., and Fowler, C. B., J. Biol. Chem., 168, 775 (1947). 

. Went, F. W., and Thimann, K. V., Phytohormones, New York (1937). 

. Gordon, 8. A., and Wildman, 8. G., J. Biol. Chem., 147, 389 (1943). 

. Kodicek, E., Biochem. J., 34, 712 (1940). 

. Galston, A. W., J. Biol. Chem., 169, 465 (1947). 


l 
2 
5 
S 
10 


assay for 


c., 33, 155 
101, 489 


(1946). 
(1947). 


ON THRE METABOLISM OF At ’-CHOLESTENONE* 


By H. 8. ANKER ann KONRAD BLOCH 


(From the Department of Biochemistry and the Institute of Radiobiology and Biophysics, 
University of Chicago, Chicago) 


(Received for publication, December 20, 1948) 


While it has been demonstrated that cholesterol is synthesized in anima! 
tissues from molecules of small size (1), notably acetic acid (2), the search for 
compounds which might be intermediates in the acetate-sterol conversion 
has so far been unsuccessful. The possibility that cholesterol arises from 
4 -cholestenone has been investigated by Anchel and Schoenheimer (3) 
with inconclusive results, since the labeled cholestenone used in their experi- 
ments contained deuterium in labile positons only. On the other hand, 
good evidence exists that cholestenone plays a role in reactions of cholesterol 
metabolism which lead to the formation of saturated sterols. The direct 
reduction of cholesterol could conceivably afford two of the epimeric dihy- 
drosterols, namely coprosterol and dihydrocholesterol, but the change of 
steric configuration associated with the formation of epicoprosterol (4) re- 
quires an intermediate which lacks asymmetry at carbon atom 3. More- 
over, in analogy to the chemical reduction of cholesterol, which leads to the 
formation of dihydrocholesterol but not of coprosterol, it has been suggested 
by various investigators that the fecal sterols do not arise directly from choles- 
terol but by way of the unsaturated ketone cholestenone as the common 
intermediate. Cholestenone has not been isolated from animal tissues, but 
Rosenheim and Webster (5) succeeded in isolating the compound in consid- 
erable quantities from feces of rats and dogs. With the aid of partially 
labeled cholestenone Schoenheimer and collaborators have demonstrated its 
conversion into coprosterol in man and dog (6). These results, while strongly 
indicating that cholesterol is converted to fecal sterol by way of cholestenone, 
failed to reveal whether these processes occurred in the tissues or whether 
they were the result of bacterial action in the intestinal tract. The belief 
that coprosterol formation takes place following secretion of cholesterol into 
the gut has been widely held (7) in spite of the fact that this conversion has 
not been unequivocally demonstrated with isolated intestinal contents. 

In the present experiment the rdle of cholestenone in cholesterol metab- 
olism has been investigated further by feeding to rats labeled cholestenone 
which contained deuterium uniformly distributed over the entire molecule. 


* Aided in part by grants from the United States Public Health Service and from 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chi- 
cago, 
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This compound was obtained as a by-product (8) of the platinum-catalyzed 
exchange reaction employed for the preparation of deuteriocholestero! (9) 
Administration of deuteriocholestenone to rats and subsequent isolation of 
the sterols from tissues and excreta gave the results shown in Table I. In ge- 
cord with the findings of Schoenheimer and collaborators (3, 6) the fecal sterols 
following deuteriocholestenone feeding were found to contain high concen- 
trations of deuterium, showing that in the rat also coprosterol may arise by 
way of the unsaturated ketone. The principal result of the present investi. 
gation is the appearance in the tissues of a sterol with a high isotope concen- 
tration. The digitonin-precipitable sterols from liver and carcass showed 4 
significant deuterium concentration but were found on fractionation to 
consist of two components of widely different isotope content. Cholesterol, 


I 


Deuterium Concentrations in Sterols after Feeding Deuteriocholestenone Containing 
5.65 Atom Per Cent Excess D 


The results are expressed in atom per cent excess 1D. 


Experiment I Experiment Il 
Sterols isolated from 
Total sterols Cholesterol Cholesterol rated 
sterols 
1.05 
1.11, 1.14* 19 
Carcass..... | 0.036, 0.048 
Skin... | 0.099, 0.105 
0.72 


* After reprecipitation of the digitonide in the presence of 60 mg. of non-isotopie 
cholestenone, the isotope concentration was 1.08 per cent D. 


which comprises the bulk of the mixture, was separated by way of the di- 
bromides and was shown to contain small but significant deuterium concen- 
trations. On the other hand, the saturated sterol, which was separated in 
one case from the bromination mixture as the digitonide, and, in a second 
experiment, after oxidation to cholestanone, had an isotope concentration at 
least one-half that of the cholestenone fed. The identity of this saturated 
sterol could not be established by direct isolation because of lack of sufficient 
material but good evidence has been obtained to show that it is mainly di- 
hydrocholesterol. ‘This is described in detail in the experimental part 
below. Dihydrocholesterol in small amounts is known to be present nor- 
mally in animal tissues, while coprosterol has not been isolated from any 
source but feces. Moreover, the finding that the fecal sterols had an isotope 
content less than one-third that of the saturated sterol isolated from the tis 
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sues makes it unlikely that the high isotope content of the tissue sterols was 
due to coprosterol rather than to dihydrocholesterol. The normal dihydro- 
cholesterol content of tissues is not higher than | to 2 per cent (10), but in 
the present experiment, when cholestenone was fed, the content of saturated 
sterols, particularly in the liver, must have been considerably higher. In this 
connection it is of interest that Diels, after feeding cholestenone to guinea 
pigs, noted a very low melting point for the tissue cholesterol (11). In the 
light of the present findings this depression may be attributed to admixture 
with larger than normal amounts of dihvdrocholesterol. Thus on the basis 
of the experiment reported here it may be suggested that the small quantities 
of dihydrocholesterol which are ordinarily found in tissues arise from choles- 
terol not by direct hydrogenation but by way of cholestenone. 

According to Schoenheimer (10) dihydrocholesterol cannot be absorbed 
from the gastrointestinal tract and its presence in the tissues therefore indi- 
cates that it is formed in the internal organs. The labeled cholestenone fed 
in the present experiment must have béen readily absorbed from the intes- 
tine. This conclusion is supported by the data which show that only 5 per 
cent of the administered isotope was recovered from the feces. ‘The intes- 
tinal absorption of cholesterol is known to be a highly selective process and 
the ability of cholestenone to pass through the intestinal wall distinguishes 
this ketone from most compounds which are chemically related to choles- 
terol. 

An alternative explanation for the present data, which has not been ruled 
out, is a reduction of cholestenone to cholestanone in the intestinal tract, ab- 
sorption of this saturated ketone, and subsequent conversion to dihydrocho- 
lesterol in the tissues. This possibility is under investigation. 

The results reported here do not contain direct evidence to indicate the 
site of the transformation which results in coprosterol. However, since 
cholestenone is absorbed from the intestinal tract and converted into dihydro- 
cholesterol in the tissues, it is most likely that, as Rosenheim and Starling 
(12) have suggested, at least the initial step in the formation of coprosterol, 
namely the oxidation of cholesterol to cholestenone, takes place prior to secre- 
tion into the gut. 

In their experiment with partially labeled cholestenone Anchel and Schoen- 
heimer (3) found small isotope concentrations in the tissue cholesterol which 
had been purified by way of the dibromides. They were unable to decide 
whether or not cholestenone had been reduced to cholesterol because the 
cholestenone employed contained isotopic hydrogen in labile positions only. 
The results secured here with uniformly labeled cholestenone clearly show that 
the transformation of cholestenone to cholesterol occurs to a certain extent 
under biological conditions, but do not favor the view that cholestenone is an 
intermediate in the biosynthesis of cholesterol. 
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EXPERIMENTAL 


compound was isolated as a by-product 
of the platinum-catalyzed exchange reaction with cholesterol in D.O-acetie 
acid mixtures. The total ketones from the exchange reaction were isolated 
as p-carboxyphenylhydrazones and the regenerated ketones separated by 
chromatographic adsorption on aluminum oxide (8). The melting point of 
the cholestenone isolated was 78-79° and was not depressed by admixture of 
authentic cholestenone. It contained 5.65 atom per cent excess deuterium. 
Since this material had been treated with strong alkali during isolation, the 
deuterium is present in stable positions only (8). 

Feeding Experiments—In the two experiments which were carried out, one 
rat each, weighing 150 gm., received a normal stock diet and in addition 20 
mg. of deuteriocholestenone per day for 3 days. The cholestenone was dis- 
solved in Wesson oil and mixed with the diet. The animals were killed by 
exsanguination and the unsaponifiable material was isolated from organs 
and excreta by customary procedures. ‘Total sterols were obtained by digito- 
nin precipitation and subsequent decomposition of the digitonides by pyri- 
dine (13). Bromination of this fraction yielded dibromocholesterol, which 
was debrominated with sodium iodide in acetone (10). 

For the separation of the saturated from the unsaturated sterols the 
total carcass sterols from Experiment II (0.14 gm.) were brominated in 
ethanol according to Schoenheimer (10). Cholesterol dibromide was filtered 
off and digitonin added to the filtrate. The digitonide which precipitated 
was filtered and decomposed by pyridine. ‘The ether-soluble fraction yielded, 
after recrystallization from methanol, 3.0 mg. of a sterol, m.p. 110-115° 
It contained 2.75 atom per cent excess D. From the deuterium concentra- 
tions of the total sterols, cholesterol, and dihydrocholesterol it can be cal- 
culated that of the total sterols in the carcass at least 4 per cent was satu- 
rated sterols. 

Direct isolation of the saturated sterols from liver and blood was not possi- 
ble with the small quantities available. However, good evidence for the 
identity of the labeled sterol with dihydrocholesterol is furnished by the 
following experiment. ‘To the combined sterols (7 mg.) of liver and blood 
from Experiment II, which were obtained by way of the digitonides, were 
added 40 mg. of non-isotopic dihydrocholesterol. The mixture was oxidized 
with CrO; to yield cholestanone (14). This was purified by adsorption on 
alumina from petroleum ether solution and by elution with benzene (8). 
There were obtained 35 mg. of cholestanone, m.p. 128.5°, unchanged by ad- 
mixture with authentic cholestanone. The sample contained 0.098 atom per 
cent excess D. In order to eliminate the possibility that contamination with 
coprostanone was responsible for the isotope content, the cholestanone was 
mixed with an equal amount of non-isotopic coprostanone and subjected 


PEE 

a 
is 
T 
er 
al 
1st 
ti 
| lal 
to 
of 
pe 
liv 

an 
cel 
p | 
qu 
D, 
ch 
| 
ste 
Wa 
Ev 
ch 
not 
tha 
cho 
l. 
2. 
3. 
| 4. 


H. S. ANKER AND K. BLOCH 975 


again to chromatographic separation. The isotope concentration in the re- 
isolated cholestanone was not significantly depressed (0.090 per cent D). 
Therefore, the sterol fraction, which was subjected to chromic acid oxidation, 
could not have contained any appreciable quantities of labeled coprosterol. 
Moreover, since only dihydrocholesterol or epidihydrocholesterol would be 
expected to yield cholestanone on oxidation with chromic acid and since 
epidihydrocholesterol would not have been present in the digitonin-precipit- 
able fraction, it is reasonably certain that the saturated sterol with the high 
isotope concentration was indeed dihydrocholesterol. 

While it has not been possible to determine directly the isotope concentra- 
tion of the dihydrocholesterol in liver and blood which was formed from 
labeled cholestenone, it can be assumed that the value lies between the iso- 
tope concentration of the deuteriocholestenone fed (5.65 per cent D) and that 
of the “dihydrocholesterol” fraction isolated from the carcass sterols (2.75 
per cent D). On this basis it can be calculated that of the total sterols in 
liver and blood a minimum of 11 per cent was dihydrocholesterol. 

The feces excreted during the feeding period in Experiment I were pooled 
and yielded 12 mg. of digitonin-precipitable sterols, containing 0.72 atom per 
cent excess D. The material in the unsaponifiable fraction which was not 
precipitated by digitonin (38 mg.) contained 0.16 per cent D. The total 
quantity of deuterium excreted in the feces is calculated to be 0.147 mg. of 
D, corresponding to 5 per cent of the quantity present in the administered 
cholestenone. The labeled cholestenone was therefore well absorbed. 


SUMMARY 


Cholestenone containing stably bound deuterium was fed to rats and the 
sterols isolated from various tissues and excreta. The labeled cholestenone 
was well absorbed. 

The highest isotope concentration was found in the saturated tissue sterols. 
Evidence is presented that this is due to the formation of isotopic dihydro- 
cholesterol. The isotope concentration of the cholesterol was considerably 
smaller but significant. 

It is concluded that cholestenone can be converted to cholesterol but is 
not an intermediate in the total synthesis of cholesterol. It is suggested 
that the dihydrocholesterol normally found in animal tissues is formed from 
cholesterol by way of cholestenone. 
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OXIDATION OF a-HYDROXY ACIDS BY ENZYMES FROM 
PLANTS* 


By C. O. CLAGETT,t N. E. TOLBERT, ano R. H. BURRIS 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, January 3, 1949) 


Extensive study of the polyphenol oxidase (tyrosinase) system has been 
prompted by its apparent importance as a terminal oxidase in many plants 
(1,2). One of the chief problems remaining unanswered for the system 
is What compounds serve as donors to reduce the quinone form of the sub- 
strate and to maintain the shuttle between the substrate and molecular 
oxygen. Experimentally, ascorbic acid or glutathione can serve in this 
capacity, but it has not been demonstrated that they function thus under 
normal conditions in the intact plant. Boswell (3) has suggested that 
certain amino acids may function as the natural electron donors. In their 
studies, James and Cragg (4) observed that lactic, tartaric, and glycolic 
acids were oxidized by the sap of etiolated barley seedlings only when as- 
corbic acid was added. 

Anderson (5) found that the addition of glycolic acid to cell suspensions 
of the colorless alga Prototheca zopfii stimulated an uptake of oxygen about 
twice that necessary for complete oxidation of the glycolic acid added. 
Apparently glycolic acid acted in a catalytic capacity to enhance the oxi- 
dation of endogenous metabolites. Kolesnikov (6) reported the isolation 
of glyoxylic acid from freshly ground barley leaves. He found (7) that 
the addition of glycolic acid to ground barley leaves caused the uptake of 
up to 15 times the amount of oxygen necessary for its oxidation to glyox- 
vlie acid. ‘This was accompanied by the disappearance of chlorophyll from 
the suspensions. 

In our survey of possible electron donors in the polyphenol oxidase sys- 
tem the only compounds observed to stimulate oxygen uptake by centri- 
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fuged sap from soy bean leaves were catechol, dihydroxy-L-phenylalanine, 
lactic acid, and glycolic acid. Our attention was drawn to lactic acid as q 
substrate and more particularly to glycolic acid, because it supported very 
active respiration and had been studied little. 


EXPERIMENTAL 


Methods and Materials—Measurements of oxygen consumption were 
made in Warburg respirometers at 30°. 1 mi. of 0.1 M phosphate buffer, 
1 ml. of centrifuged sap or diluted enzyme preparation, and 1 ml. of 0.02 
M substrate were added to each flask; 0.15 ml. of 20 per cent potassium hy- 
droxide was placed in the central alkali well. 

The enzyme was prepared by grinding young succulent leaves with a 
Nixtamal mill in the cold and expressing the sap through cheese-cloth. 
The sap was adjusted to pH] 8.0 with N sodium hydroxide and centri- 
fuwed (about 20,000 times gravity for 3 minutes) in a small Beams air- 
driven centrifuge (8); a clear supernatant liquid was obtained. 

Most of the substrates used were commercial preparations. —a-I1ydroxy- 
n-butyric acid was prepared from the a-bromo derivative by the method 
of Naumann (9). The /-lactie acid was supplied by M. J. Johnson of this 
department. 


Results 


Distribution of Enzyme — The a-hydroxy acid oxidase of plants is widely 
distributed in nature. Stutz, MacVicar, and Stauffer (unpublished data) 
surveyed representatives from a large number of plant orders for their 
ability to oxidize dl-lactic acid and found activity in preparations from the 
leaves of the following plants: barley, elegans lily, sunflower, squash, 
fuchsia, soy bean, cabbage, snapdragon, balsam, mint, tobacco, Swiss 
chard, hollyhock, Japanese yew, club moss, moss, honeysuckle, white oak, 
and grape. The following plants showed no activity: vanilla, German iris, 
philodendron, celery, sedum, geranium, peony, marchantia, and spiro- 
gyra. 

Effect of Light on Formation of Enzyme—Preliminary experiments in- 
dicated that the enzyme is present in an active form only after exposure of 
the plants to light. No enzyme could be demonstrated in the sap from 
wheat embryo, barley embryo, 24 or 06 hour-germinated barley, or ger- 
minated clover. Etiolated barley or beans (5 to 10 days after planting) 
did not contain the enzyme system. However, it was present and active 
after the etiolated beans were exposed to 15 hours and the etiolated barley 
to 4 hours of winter light in the greenhouse. Exposure of the sap from 
etiolated barley or beans to light did not activate the enzyme. Within the 
range tested, the age of green barley plants did not markedly affect their 
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ability to oxidize glycolic acid. However, the older the plant material, 
the more stable was the enzyme system in the expressed sap. Green to- 
bacco plants which had been kept in the dark for 9 days, until the leaves 
had yellowed and had started to decompose, yielded very active enzyme 
preparations. 

In our tests the centrifuged sap of soy bean, tomato, and potato leaves 
had a Qo, (N) of about 30 in the absence of added substrates. Centri- 
fuged sap of barley and tobacco leaves prepared in the same manner 
showed no respiration in the absence of added substrates; this fact prompted 
the further use of these two plants. Tobacco was usually the plant of 
choice, for the enzyme preparations from it were more stable than those 
from barley. Washed chloroplasts from tobacco and barley had Qo, (N) 
values of 40 to 50 and 60 to 70 respectively in the absence of added sub- 
strates, and showed very little response to the addition of glycolic or lac- 
tie acid. 

Concentration of Enzyme—Blanchard et al. (19) used a combination of 
sodium sulfate, heat treatment, and ammonium sulfate precipitation in the 
purification of L-amino acid oxidase from animal tissues. A similar scheme 
was used to obtain a concentrate of our a-hydroxy acid oxidase. Tobacco 
leaf sap was extracted by grinding in a Nixtamal mill and pressing through 
cheese-cloth. The sap was cooled immediately to 0° and kept cold, ex- 
cept during centrifugation. It was adjusted to pH 8.0 and centrifuged to 
remove chloroplasts, cell fragments, and starch granules. The clarified 
sap was adjusted to pH 5.2 with 10 per cent acetic acid (acetic acid is not 
used as a substrate), and the precipitated material was removed by cen- 
trifugation. 5 gm. of sodium sulfate per 100 ml. of sap were added, and a 
small amount of colorless precipitate containing little activity was removed. 
10 gm. of sodium sulfate per 100 ml. of original sap were then added to the 
supernatant and the solution was held for 20 to 30 minutes at room tem- 
perature before centrifugation. Most of the original activity was con- 
centrated in this precipitate. The precipitate was suspended in a volume 
of water equal to one-half the original volume of sap; the pH was adjusted 
to 7.2 with sodium hydroxide solution. 5 gm. of ammonium sulfate per 
100 ml. of solution yielded a precipitate of low activity which was dis- 
carded. 15 gm. of ammonium sulfate were added per 100 ml. of the super- 
natant; the solution was refrigerated for 1 hour at 10°, then centrifuged, 
and the supernatant discarded. ‘The precipitate was suspended in a vol- 
ume of distilled water equivalent to a fourth the volume of the original 
sap. The residual ammonium sulfate in the solution appeared to prevent 
spoilage by microorganisms. The preparations retained most of their 
activity for several days at 5°. The addition of substrate had no apparent 
stabilizing effect on the enzyme. Heat treatment was ineffective for pu- 
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rification. Attempts to purify the enzyme by adsorption and elution from 
Hyflo Super-Cel were unsuccessful. Bach, Dixon, and Zerfas (11) used 
freshly precipitated calcium phosphate gel as an adsorbent in concentrat- 
ing yeast lactic dehydrogenase and followed this by elution of the enzyme 
with alkaline buffer containing ammonium ions. Calcium phosphate gel 
adsorbed about 66 per cent of the enzymatic activity of the a-hydroxy acid 
oxidase at pH 8.0. Proof that the adsorbed enzyme retained activity was 


Scheme for Purification of a-Hydrory Acid Oridase 


Sap of plants 


Adjust to pH. 8 with NaOH; 
centrifuge; Q., (N) = 248 


Chloroplast, starch, Adjust to pI 5.2 with 
etc.; discard 10°) acetic acid 


aa Add 5 gm. Na,SO, 
Discard | per 100 ml. 


Add 10 gm. Na,SO, 


Discard per 100 mi., 20 
at 25° 
Suspend in water Q,, (N) = 935; Discard 
adjust to pH 7.2 with NaOH; 
add 5 gm. (NH,).SO, a 100 ml. 
| “Add 15 gm. (NHJ38 
gm. (NH per 
Discard | 100 ml., 10° for 1 hr. 
Suspend in water Qo, (N) = 2400; Discard 
refractionate between 5 and 20% 


obtained by suspending a portion of the gel in buffer and determining the 
rate of oxidation of sodium glycolate. No elution was achieved with phos- 
phate buffers between pH 5.0 and 8.0, and attempts to elute the enzyme 
with phosphate buffers containing ammonium ions or traces to 0.5 per 
cent pyridine inactivated the enzyme. 

The method outlined for concentrating the enzyme was used success- 
fully with tobacco leaves from mature plants and with soy bean leaves. 
No success Was attained when very young tobacco or barley plants were 
used; the activity was invariably destroyed when the pI] was adjusted to 
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5.2. No explanation is apparent for the instability of the enzyme in very 
young plants. 

Optimum pH The exploratory experiments were conducted at pIl 5.9, 
as this is within the pH! range of the expressed sap. Preliminary experi- 
ments on glycolic acid oxidation indicated the need of a wider range of 
buffering than is effectively supplied by phosphates. A composite buffer 
solution containing potassium acid phthalate, phosphoric acid, and sodium 
borate, 0.1 M with respect to each component, was used. An electrometric 
titration curve of the buffer solution indicated almost linear buffering 
capacity over the desired range of pH 4 to 11. It was soon found that the 
pH optimum for glycolic acid oxidation was above the buffering range of 
phthalate; so the phthalate was omitted from the buffer used in the deter- 
mination of the pH optima reported here. The borate component of this 
buffer had a slightly inhibitory effect (10 per cent inhibition as compared 
with phosphate alone) on the rate of oxidation but did not alter the total 
oxygen consumption per unit of glycolic acid. 

Fig. 1 illustrates the effect of pH on the rates of glycolic acid and lactic 
acid oxidation catalyzed by enzyme solutions concentrated by salt pre- 
cipitation. A similar curve was obtained for the rates of oxidation of 
glycolic acid when the crude sap was used, except that the range on either 
side of the optimum was increased. Activity on glycolate is approxi- 
mately constant between pH 7.8 and 8.6. The optimum oxidation of 
lactate was observed at pl] 7.6. As there is an appreciable drop in pli 
during the oxidation of glycolate, the values plotted are the average of the 
initial and final pH in each flask. In the lactate oxidation there is no pH 
change. The rates of oxygen uptake for the period 5 to 15 minutes after 
adding the enzyme are plotted. Below pH 6.0 and above 9.3 there is no 
measurable exchange with glycolate during the first 5 minutes after adding 
the enzyme; after this, however, considerable activity is observed beyond 
these limits of pH. 

Effect of Enzyme Dilution—The effect of dilution of the enzyme was 
measured as an indication of the participation of cofactors in the oxida- 
tion of glycolate. If such factors exist, dilution with buffer to a point 
where the cofactors become limiting should result in a decrease in activity 
greater than that proportional to the enzyme dilution. Dilution did not 
decrease the activity per unit of enzyme (Fig. 2). At enzyme concentra- 
tions equivalent to more than 25 per cent centrifuged tobacco sap the activ- 
ity was so great that diffusion of oxygen became the limiting factor. In 
succeeding experiments the enzyme was always diluted in order to insure 
measurements on a linear portion of the dilution curve. 

Effect of Temperature-—Within limits, increase in temperature increases 
the velocity of reactions catalyzed by enzymes. ‘he effect of tempera- 
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ture on the rate of oxidation of glycolic acid by barley sap and by the con- 
centrated enzyme from tobacco sap was determined. Table I illustrates 
the results of such experiments. 

The temperature coefficients (increase in activity per 10° temperature 
rise) of the crude sap and the partially purified preparation were approx- 
imately 1.17 between 20-35° within the limits of experimental error (Table 
I). Measurement of the initial rate of oxidation shows the maximum ac- 
tivity of the enzyme as it exists in barley sap to be between 35—40°; above 
this it is rapidly destroyed. The concentrated enzyme preparations from 
tobacco sap were rapidly inactivated above 35°. The molar energy of 
activation calculated from these data with the Arrhenius equation is 2.3 + 


I 
Temperature Coefficients for Oxidation of Glycolic Acid 


Temperature coefficient 
Temperature interval —_ 


Barley sap Salt ppt. enzyme, tobacco 


25-35 1.19 


* Enzyme destroyed by heat at the higher temperatures. 


0.4 kilocalories. This value is among the lowest reported for enzymes (12) 
and is in the range of that reported for tyrosinase. 

Substrate Concentration —The effect of substrate concentration was de- 
termined and the data analyzed according to the method of Lineweaver 
and Burk (13). Oxidation rates of barley and tobacco leaf sap were 
measured at concentrations of sodium glycolate between 4.2 &K 10~ and 
1.33X10- uM. Below the 4.2 X 10-4 mM concentration, oxidation rates were 
low and erratic. The Michaelis constant for the oxidation of sodium 
glycolate was found to be 2.4 & M. 

Oxygen Consumption per Unit of Substrate--The oxygen consumption 
of centrifuged barley and tobacco leaf saps was negligible in the absence 
of substrate. In the presence of glycolic acid the equivalent of 1 mole of 
oxygen per mole of substrate was used, and the oxidation of l-lactie acid 
required 0.5 mole of oxygen per mole of substrate (Fig. 3). 

The oxygen consumption with glycolate was equivalent to the oxidation 
of glycolic acid to oxalic acid. As oxalic acid is found in quantity in many 


10-20 1.33 
20-30 1.12 

30-40 1.17 

e- 40-50 0.14* 
35-45 0.22° 
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plants, it seemed a likely product. Measurement of respiratory quo- d 
tients indicated a release of varying amounts of carbon dioxide, depending ee 
to a large extent upon the strength of the acid used to release the bound sg, 
CO,. The evolution of CO, is incompatible with the idea that oxalic acid el 
is the exclusive end-product of the oxidation of glycolic acid. The mech- th 
anism of the oxidation will be described in a further publication. ft 
It is realized that the enzyme concentrates used in these studies were ti 
not homogeneous, and any statements on specificity are open to some ques- 
> le 
250 p! Op uptake di 
05 mi 0.02 M_I-lactic acid 
100 
50 
la 
Minutes en 
Fic. 3. Oxygen uptake for the oxidation of glycolic acid and l-lactic acid as cata- gl 
lyzed by the concentrated enzyme from tobacco. pr 
If 
tion. The tobacco sap and the concentrated enzyme contained a catalase, th 
a polyphenol oxidase capable of oxidizing catechol and dihydroxy-L-phenyl- ba 
alanine, and an enzyme system catalyzing the oxidation of o-phenylene- ze 
diamine. Under the conditions of our experiments the oxidation of gly- th 
colic acid appears to be independent of these other enzymes, for its oxida- su 
tion occurs at about the same rate in the presence or absence of substrates en 
for the other enzymes. The enzyme preparations decomposed hydrogen gh 
peroxide rapidly and the addition of catalase from animal tissue did not | ar: 
change the rate of oxidation of glycolic acid. The presence of cyanide or th 
azide, which poisons catalase, does not alter the ratio of 1 mole of oxygen es! 


uptake per mole of glycolic acid oxidized. The addition of ethyl alcohol gp 
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does not change the rate of oxygen uptake or the total oxygen uptake ap- 
preciably; if hydrogen peroxide were formed in the presence of catalase 
and ethyl aleohol, the oxygen uptake should be doubled (14). Appar- 
ently peroxidase activity is not involved in the oxidation. The concen- 
trated enzyme preparation does not oxidize ascorbic acid, whereas the 
fresh sap does; ascorbic acid inhibits the oxidation of glycolic acid, par- 
ticularly at a pH below 8.0. 

Substrate Specificity—-Concentrated enzyme preparations from tobacco 
leaves did not oxidize l-malic, d- or /- or mesotartaric, DL-glyceric, or a-hy- 
droxyisobutyric acid. The preparations were specific for the L isomer of 


Taste Il 
Comparison of Oxidation of l-Lactic Acid and Glycolic Acid by Various Enzyme 
Fractions 
| of (Lactic) 
. Or per 30 min. | ic 
Preparation | Glycolic) 
| Glycolic acid | Lactic acid 
| Nat ppt. | 19 64 
| NH,* “ | 218 164 75 
B NH,* “ | 203 | 146 72 
| Na* ppt. | 71 | 63 SS 
| | S5 


NH,* “ | 176 149 
lactic acid. ‘The oxidation of pL-a-hydroxy-n-butyric acid was very slow. 
Higher homologues of the straight chain a-hydroxy acids were not tested. 

A comparison of the rate of oxidation of /-lactic acid and glycolic acid 
by whole sap and by sodium sulfate- and ammonium sulfate-precipitated 
enzyme is shown in Table II. The ratio of rates of oxidation of lactic and 
glycolic acids has not been changed by partially inactivating the enzyme 
preparation by heat or by lowering the pII to 4.5 to 5.0 for short periods. 
If separate enzymes are responsible for the oxidation of these two acids, 
they must have similar solubility and stability characteristics. When 
both lactic and glycolic acid substrates were added together, the initial 
zero order reaction rate was only slightly greater than that obtained from 
the oxidation of glycolic acid alone, and the total oxygen uptake was the 
sum of the glycolic and lactic acid oxidations alone. If there were two 
enzymes, each acting on one of the substrates, the initial rate of oxidation 
should have been about the sum of that obtained when the enzyme prep- 
aration was used with each substrate separately. Further purification of 
the enzyme is necessary before the question of enzyme specificity can be 
established finally; however, the data at hand suggest that one enzyme is 
responsible for the oxidation of these two a-hydroxy acids. 
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Inhibitors—Sodium azide had little influence on the rate of oxidation of 
glycolic acid; even at a concentration of 0.01 mM, the inhibition was less 
than 10 per cent. Cyanide at 0.1, 0.01, and 0.001 M concentrations stim- 
ulated oxidation somewhat with 0.0067 m glycolate and inhibited 13 to 
25 per cent with 0.0017 M glycolate. At a final concentration of 0.01 , 
sodium malonate gave 30 per cent, sodium iodoacetate 48 per cent, and 
hydroxylamine 30 per cent inhibition of glycolate oxidation. These in- 
hibitors were virtually without effect at a concentration of 0.001 M. 


DISCUSSION 


The literature on plant respiration has been covered in the recent re- 
views by Stiles (15) and James (16). Both reviewers have cited instances 
in which the polyphenol oxidase system has been assigned a function as a 
terminal oxidase. Our studies were undertaken with the object of ob- 
taining more information on the chain of reactions which must precede 
the action of the terminal oxidase in the respiration of carbohydrates in 
plants. Although we observed an enzyme system capable of oxidizing 
a-hydroxy acids at a rapid rate, it was not possible to demonstrate that it 
required either quinones from polyphenols or dehydroascorbic acid as elee- 
tron acceptors. Apparently the transport of electrons to molecular oxy- 
gen proceeded independently of the polyphenol or ascorbic acid oxidase. 

James and Cragg (4) demonstrated an increased oxygen uptake by sap 
of etiolated barley seedlings in the presence of ascorbic acid and glycolic, 
lactic, or tartaric acid. We have confirmed these observations with etio- 
lated seedlings, but in contrast the oxidation of glycolie and lactie acids 
by preparations from green leaves has always been independent of the 
presence of ascorbic acid. The a-hydroxy acid oxidase reported in this 
paper was never found in etiolated plants. The concentrated enzyme from 
green tissue was inactive toward ascorbic acid; its oxidation of glycolic 
acid was somewhat inhibited by ascorbic acid. 

The character of the enzyme has not been determined. The prepara- 
tions used in these studies have been relatively crude. The absence of a 
heavy metal component was indicated by the lack of azide and cyanide 
inhibition. Sodium malonate, sodium iodoacetate, and hydroxylamine 
all inhibited the reaction to some extent. The enzyme is stable to dialy- 
sis at 5° for long periods; this indicates the absence of any easily removable 
cofactors. The enzyme plus glycolate and diphosphopyridine nucleo- 
tide does not decolorize methylene blue anaerobically. The enzyme is 
similar to the L-amino acid oxidase of rat kidney isolated by Blanchard 
et al. (10) in substrate specificity and pII of optimum activity. It dif- 
fers from the animal enzyme in heat stability, solubility, and effect of the 
length of the carbon chain of the a-hydroxy acid on the rate of respiration. 
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Also, the plant extracts were incapable of mediating the oxidation of L- 
amino acids. 

The role of the enzyme system in the economy of the plant is not ap- 
parent. The fact that the active enzyme system is found only in the 
chlorophyllaceous plant may be suggestive of a possible function in the 
photosynthetic reactions. 


SUMMARY 

1. The occurrence of an enzyme system in plants capable of oxidizing 
a-hydroxy acids was demonstrated. 

2. Preliminary studies indicated its presence in green leaves of a large 
number of plant orders but not in etiolated seedlings or in embryos. 

3. 1 mole of oxygen is used in the oxidation of 1 mole of glycolic acid 
and 0.5 mole in the oxidation of /-lactic acid. Apparently hydrogen per- 
oxide is not formed in the reaction. 

4. The pH optimum for lactic acid oxidation is 7.6. With glycolate 
the activity is maximum and nearly constant between pH 7.8 and 8.6; 
the temperature coefficient is 1.17 and the energy of activation is 2.3 + 
0.4 kilocalories; the temperature optimum is 35-40°, and the Michaelis 
constant is approximately 2.4 X 10°° mM. No easily dissociable cofactors 
appear to function in the oxidation. 

5. A 10-fold concentration of the enzyme was achieved from tobacco 
leaf sap by a combination of isoelectric precipitation, sodium sulfate, and 
ammonium sulfate precipitation. 

6. The enzyme appears to be specific for /-a-hydroxymonocarboxylic 
acids. 
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The factors which govern the absorption of iron are not well understood. 
The current theory of iron absorption assigns to bodily need for iron the 
chief réle in the regulation of iron absorption (1, 2). Conclusive evidence 
is needed, however, to demonstrate the correctness of such a view. 

In an earlier study from this laboratory (3), it was demonstrated that the 
high serum iron values and hemosiderosis of the liver and spleen, which 
are characteristic of pyridoxine deficiency in swine, do not appear when 
the experimental animals are fed a diet very low in iron content, even 
though all other manifestations of pyridoxine deficiency develop. This 
observation indicates that, at least in pyridoxine-deficient swine, iron con- 
tinues to be absorbed even though it cannot be utilized and in spite of the 
fact that the body stores are replete with iron. 

Although it is evident that iron absorption in pyridoxine deficiency may 
represent unusual circumstances which are of no significance in the normal 
animal or in other types of deficiency, it was thought important to study 
the problem further. One point needing elucidation is whether or not iron 
absorption is normal, reduced, or even possibly increased in the face of 
pyridoxine deficiency as compared with normal. Since the answer to this 
question could only be obtained by measuring the total iron content of 
experimental animals, and since this could not be done easily in swine, the 
rat was chosen for the experimental studies to be described. The rat differs 
from swine and dogs in that little or no anemia develops when pyridoxine 
deficiency is produced, even though various other signs of this deficiency do 
(4, 5). 


Materials and Methods 


Experiment 1--Weanling Sprague-Dawley rats were used for this study. 
From the outset they were divided into three groups: Group A, six rats; 
Group B, ten rats; and Group C, ten rats. All rats were placed on a basal 
diet consisting of crude casein (Sheffield “new process’) 27 per cent, sugar 


* Aided by grants from the United States Public Health Service and The Upjohn 
Company, Kalamazoo, Michigan. 
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58.0 per cent, Snowdrift, a hydrogenated vegetable oil, 5.0 per cent, lard ) 


5.0 per cent, salt mixture! 4.0 per cent, and cod liver oil 1.0 per cent. Vita- fi 
min E in the form of mixed tocopherols? was incorporated into the cod te 
liver oil and mixed with the diet in the amount of 1.5 mg. per kilo of diet. x! 


Group A (controls fed ad libitum) and Group C (pyridoxine-deficient 


rats fed ad libitum) received the following vitamin supplements (mg. per ra 
kilo of diet): thiamine 10, riboflavin 10, calcium pantothenate 40, choline gy 
chloride 500, nicotinic acid 100, p-aminobenzoic acid 600, and _ inositol ) pl 
1000. These were mixed with the diet. In addition, Group A received = g 
50 y per rat per day of pyridoxine hydrochloride dissolved in the iron we 
citrate solution. 
Group B (restricted controls) received their vitamin B supplements in Wi 
the form of powdered yeast, making up 4 per cent of the diet. Vitamins an 
A, D, and E were given as in the other groups. } ow 
All three groups received the equivalent of 1 mg. of iron per day in the | 
form of 11.0 mg. of ferric citrate in aqueous solution administered orally til 
by pipette every other day. Iron administration was not started until the Fa 
first signs of pyridoxine deficiency appeared, t.e. untidy fur, red whiskers, me 
and xanthurenic acid excretion in the urine (12). This was done in order col 
to rule out any absorption during the period before the pyridoxine de- — | 
ficiency began exerting its effect. to 
Group B was included in order to obviate any results due to differences tra 
in weight of Groups A and C. dis 
Hemoglobin determinations were made about every 2 weeks with blood det 
obtained by clipping the tail. The hemoglobin was determined as oxy- an 
hemoglobin by means of the Evelyn photoelectric colorimeter. cor 
The rats were kept on this régime for 12 weeks, at which time they were | to; 
all sacrificed by ether anesthesia and stored in the refrigerator until ashed. | : 
Iron feeding was discontinued 4 days before the rats were to be sacrificed, the 
in order to permit elimination of any unabsorbed iron from the gut. usu 


Experiment I1—A second experiment was carried out in which thirteen to 
Sprague-Dawley rats were divided into two groups: Group A, controls, wit 
six rats; Group B, pyridoxine-deficient, seven rats. The dietary intake foll 
of rats of Group A was restricted in order to keep their weights approx cal 
mately the same as those of Group B. Group II-B rats were about 4 the 
week older than those in Group I-C when they were started on the exper- ioni 
mental diet. The care, feeding, etc., was exactly the same as in Exper: wit! 
ment I, except that Experiment II was carried on for 8 weeks instead of add 


‘The salt mixture had the following percentage composition: NaHCO, 274, — 
CaHPO, 25.0, MgSO, 14.0, KyCO, 4.65, KCl 31.2, CuSO, 0.24, MnSO, 0.15, KI0.15, Not. 
NaF 0.03. | ge 

* Parke, Davis and Company. *s 
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12. All rats in Group I-C manifested symptoms of severe pyridoxine de- 
ficiency, While those in Group II-B never exhibited extreme outward symp- 
toms of the deficiency, although they showed a considerable excretion of 
xanthurenic acid. 

The determination of the total iron in such biological material as a whole 
rat presents considerable difficulties due to the large amount of material 
and to the large quantities of salts present in the animal carcass, notably 
phosphates and calcium. Since wet ashing is entirely impractical for such 
a large animal, dry ashing was the only recourse open. Hence the carcasses 
were dry ashed in large porcelain trays, the heating being started at 100- 
200° until danger of excessive foaming was passed; then the temperature 
was raised to 600° for 12 to 18 hours. The ashing proceeded smoothly, 
and the ash was easily dissolved in 25 ml. of concentrated HCI with gentle 
warming. 

It has been suggested that dry ashing leads to loss of iron through vola- 
tilization as FeCl; (6). Experience in this laboratory,’ as well as that of 
Fabian ef al. (7), would indicate that there is very little, if any, loss by this 
means. It is quite likely that the losses suggested were due to lack of full 
color development as a result of phosphate interference. 

The dissolved ash was transferred to a 100 ml. volumetric flask and made 
to volume with double distilled water. 2 to 5 ml. aliquots of this were 
transferred to 50 ml. volumetric flasks and made to volume with double 
distilled water. Aliquots (1 to 2 ml.) were then taken for the colorimetric 
determination of iron, with use of the Evelyn photoelectric colorimeter 
and a,a-dipyridy! as the color reagent. The method finally used was a 
combination of the methods of Kitzes, et al. (8) and Woiwod (9) modified 
to suit the ashed material. 

The high concentration of salts, expecially calcium and phosphates, in 
the ash from a whole rat interferes in the determination of iron by the 
usual colorimetric methods. A number of procedures have been suggested 
to overcome this interference, such as by boiling the ash with NaOH (10), 
with HCl or HNO, (11, 12), by precipitation of the iron as the sulfide 
followed by filtration and resolution in acid (6, 9), or by fusing the ash with 
calcium or sodium carbonate (13). These are all designed to hydrolyze 
the pyrophosphates, presumably formed during ashing, which produce non- 
ionized complexes with iron and thus retard or prevent its combination 
with the color reagent. However, these methods all involve considerable 
additional manipulation, which increases the chances for loss or contami- 
nation with iron and also the addition of reagents which are high in iron, 
notably NaOH. In view of the disadvantages cited, these methods are 
generally quite unsatisfactory. a,a-Dipyridyl has been found more satis- 


* Unpublished. 


t. 
nt 
ne 
ol 
in 
th 


092 PYRIDOXINE DEFICIENCY AND IRON 


factory for use with this type of material. It forms a more stable complex 
than thiocyanate and is less sensitive to interference from phosphates than 
is either thiocyanate or o-phenanthroline. As a result the color develops 
more rapidly and more completely. If 24 to 48 hours are allowed for color 
development with a,a-dipyridyl, reproducible results are obtained which 
compare well with those obtained with the titrimetric dichromate method 
of Bernhardt and Skeggs (14) as modified by Sill’ to prevent air oxidation. 

The method employed in this work was as follows: Suitable aliquots of 
the diluted rat digest solution were pipetted into iron-iree test-tubes. To 
this was added 1.0 ml. of freshly prepared (10 per cent) sodium sulfite 
solution followed by thorough mixing. Then 0.5 ml. of a 1.0 per cent solu- 
tion of a,a-dipyridy! in 0.1 N HCI] was added and mixed well. A sufficient 
volume of saturated sodium acetate was then added to make the pH basic 
(red) to Congo red paper. Usually 2 ml. were required. Double dis- 
tilled water was then added volumetrically to make the total volume to 
10 ml. The tubes were shaken, covered, and set aside for at least 24 hours 
before reading. The blank was prepared in the same manner as the sam- 
ples, except that water was used in place of the aliquot of sample. 

The readings were made with use of the Evelyn photoelectric colorim- 
eter and Filter 520 after adjusting the blank to LOO. 

In the second experiment total body copper determinations were also 
made on the rat digest solutions by a modification of McFarlane’s (15) 
method as suggested by Tompsett (16) for urine, feces, and other materials 
high in iron and calcium. 0.5 ml. of the concentrated rat digest solution 
was pipetted into acid-washed test-tubes. To this, 4.5 ml. of saturated 
sodium citrate solution were added to bind the calcium in a soluble com- 
plex. To this were added, in the following order, 1 ml. of saturated 
Na,P-O; (sodium pyrophosphate) solution, 2 ml. of concentrated NILOH, 
and 1.0 ml. of 0.1 per cent sodium diethyl dithiocarbamate solution, with 
mixing after each addition. Water was then added to give a total volume 
of 15 ml. The color was read immediately with the Evelyn photoelectric 
colorimeter with Filter 440. 


Concentration 


100 


Concentration (mg. per rat) = DX K X 
ml. sample 


Results 


The data for both experiments are presented in ‘Table I. The hemo- 
globin, total body iron, and iron per 100 gm. of body weight are expressed 


* Sill, C., unpublished personal communication 
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as the mean for the group along with the respective standard deviations. 
The data were analyzed statistically and the significance of the difference 
between the means Was tested by Fisher's ¢ test. The increase in iron per 
100 gm. of body weight in the pyridoxine-deticient Group I-C is significant 
when compared with either Group [-A (ad libitum controls, t = 3.94) or 
Group I-B (restricted controls, ¢ 1.31). The same is true in comparing 
the pyridoxine-deticient Group II-B with Group II-A (restricted controls, 
t= 448). The differences in total body tron between Groups I-A and 
I-C and Groups TI-A and II-B are not significant, but this is due to the 


TABLE I 


Iron and Copper Content of Rats in Various Experimental Groups 


Tota! 


cm. mer. me. me 
I-A Ad libitum () 32: 14.47 16.0 4.93 
controls +3.8 +0.49 +1.1 +0.37 
I-b Restricted 10 236 13.51 | 12.1 5.12 
controls +6.8 +0.58 +1.1 +0.52 
L-C Pyridoxine 10 213 13.92 17.5 8.20 
deficient +21.8 +1.41 +4.2 +2.20 
Restricted 226 16.95 11.08 4.97 1.30 
controls +10.0 40.55 +0.8 0.35 +0.07 +0.05 
II-B Pyridoxine- 7 192 15.85 11.85 6.49 1.98 1.03 . 
+21.6 2+1.08 +1.3 +0.75 +0.36 +0.17 


deficient 


larger body weight of the controls (7.¢., 325 gm. and 226 gm., respectively 
for Groups I-A and [I-A as compared to 213 gm. and 192 gm., respectively 
for Groups I-C and II-B. The increase in total iron in Group I-C as com- 
pared to Group I-B, however, is significant at the 1 per cent level (¢ = 
3.62). 

One rat in Group I-C was omitted from the statistical analysis because 
both its total iron (51.5 mg.) and iron per 100 gm. (26.1 mg.) were found 
to be 8 standard deviations from the mean. Since this rat exhibited more 
severe symptoms of deficiency than the others, it seemed justifiable to con- 
sider the animal separately. 

The pyridoxine-deficient Group II-B also shows a significant increase in 
both total copper and copper per 100 gm. when compared to control Group 
I-A (t = 4.47 and 6.25, respectively). 

The hemoglobin values show no significant reduction in the pyridoxine- 
deficient groups as compared with the controls. 
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DISCUSSION 


The results of these experiments indicate that the absorption of iron js 
increased during pyridoxine deficiency. This is an interesting finding in 
view of the fact that Granick (2) and Whipple and coworkers (1, 17) have 
suggested that the intestinal mucosa has the property of accepting or re- 
jecting iron, depending on the state of the iron stores in the body.  Ae- 
cording to this hypothesis, since in pyridoxine deficiency the synthesis of 
hemoglobin is retarded and the serum iron is elevated, it would be expected 
that the need of the body for iron would be reduced. Yet, as has been 
demonstrated in these experiments, iron continues to be absorbed even to 
the extent that the total body iron is increased. This condition would 
seem to present an exception to the “mucosal block” theory. Dubach, 
Callender, and Moore (18), with use of the isotope technique for studying 
iron absorption, found a similar situation to exist in patients with untreated 
pernicious anemia, refractory anemia, and hemolytic anemia, even though 
the tissues were replete with iron in these conditions. These authors sug- 
gest that the mucosal block theory must be thought of only in relative 
terms. 

Many factors which play a réle in the regulation of iron absorption are 
certainly still unknown. It is possible that the theory of Granick, Whipple, 
and their associates describes the mechanism operating under normal con- 
ditions but that this mechanism breaks down and does not function in such 
conditions as pernicious anemia and pyridoxine deficiency. For example, 
apoferritin, a protein, has been postulated to play a central rdle in iron ab- 
sorption (2). Pyridoxine has been shown to be involved in protein me- 
tabolism as a component of transaminase systems (19) and also of amino 
acid decarboxylase systems (20). It is also essential to normal trypto- 
phan metabolism (21, 22). It is possible that pyridoxine deficiency leads 
to some defect in apoferritin formation or breakdown which may, in turn, 
affect iron absorption. On the other hand, further study may yield data 
for the elaboration of a new theory of iron absorption. 

The increased retention of copper in pyridoxine deficiency is extremely 
interesting, though also difficult to explain with the few facts available at 
present. Whether the copper retention is the result of an effect of pyn- 
doxine deficiency per se on copper absorption or excretion or whether it is 
a secondary effect due to changes in iron metabolism cannot be stated. 
Serum copper has been shown to be slightly lowered in pyridoxine-deficient 
swine (23), and whole blood copper in pyridoxine-deficient dogs (24). 
Since copper is apparently excreted much as other heavy metals through 
the urine and bile (25-27), there is no evidence that copper absorption is 
regulated by body need to the extent that iron is regulated. Hence, the 
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low serum copper might not be expected to exert an influence on copper 
absorption. 

Bing ef al. (28) demonstrated a considerable increase in total copper in 
young rats given 0.0 mg. of iron per day intraperitoneally when compared 
to similar rats given the same amount orally. The iron (total) of these two 
groups was 6.78 mg. and 2.12 mg., respectively. The copper in the group 
given iron intraperitoneally was as high as in a group receiving 0.025 mg. 
of copper intraperitoneally per day along with 0.5 mg. of iron orally. This 
latter group had a total iron content of 3.63 mg. This would suggest that 
copper absorption may be influenced by the iron levels in the body. The 
observations reported in the present. paper and unpublished data from our 
laboratory seem to suggest the same relationship. The converse, 7.e. that 
copper affects iron retention, has been shown not to be true (29, 30). 

It has been suggested that copper enhances the utilization and mobiliza- 
tion of iron for hemoglobin synthesis (29, 31,32). This function, however, 
does not explain the increase of copper in a condition in which there is 
diminished utilization of iron and hence a decreased need for iron mobiliza- 
tion from the stores, unless it represents an overcompensation in an attempt 
to supply iron to a bone marrow which is unable to use it. This might be 
one explanation for the very high serum iron values, i.e. an increased mo- 
bilization coupled with an increased absorption. 

It is evident from the questions raised by these findings that more work 
needs to be done on the interrelationships of copper and iron metabolism 
and their influence on erythropoiesis. 


SUMMARY 


The total body iron and copper have been determined in pyridoxine- 
deficient and in control rats. 

Both iron and copper were significantly increased in the pyridoxine- 
deficient groups. 

It is shown that the “mucosal block” theory of iron absorption is not 
consistent with the findings in pyridoxine deficiency. 


We are indebted to Merck and Company, Inc., Rahway, New Jersey, 
for the B vitamins used in this work. Cod liver oil and yeast were kindly 
furnished by Mead Johnson and Company, Evansville, Indiana. Vita- 
min E was supplied by Parke, Davis and Company, Detroit, Michigan. 
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LETTERS TO THE EDITORS 


ON THE OCCURRENCE OF MONOLODOTYROSINE IN THE 
THYROID GLAND 


Sirs: 


Recently, Fink and Fink,' applying the method of filter paper partition 
chromatography to thyroid hydrolysates from rats injected with radioae- 
tive iodine, reported that one of the many spots observed in their 
autographs corresponds exactly with the position occupied by added mono- 
jodotyrosine, and concluded that monoiodotyrosine is a normal component 
of the gland. But the possibility that the monviodotyrosine was formed 
during the hydrolysis of the thyroid tissue was not ruled out with certainty. 
Furthermore, since chemical iodine determinations were not reported, it 
was not possible to decide how much monoiodotyrosine was actually 
present. 

We wish to present here additional evidence supporting the view that 
monoiodotyrosine is actually a major component of the thyroid. This evi- 
dence was obtained by applying a very sensitive method for chemical iodine 
determinations to the usual paper chromatographic procedure. This 
enabled us to measure the specific activity of the iodine in the monoiodoty- 
rosine and to compare it with similar activities of other iodine fractions. 

Rats were injected with suitable doses of ['' and their thyroids were re- 
moved after periods of 10 minutes, 24 hours, and 48 hours. The glands of 
three or four rats were pooled and homogenized with 1 cc. of cold 10 per 
cent trichloroacetic acid, a procedure which serves to separate inorganic 
iodine from organic iodine in the tissue.2. The insoluble residue containing 
all the organic iodine was separated by centrifugation, washed with 2 per 
cent trichloroacetic acid, and hydrolyzed on the steam bath for 16 hours 
with Lee. of 2N NaOH. The hydrolysate was filtered through a small fil- 
ter stick, and smal! aliquots of the clear filtrate were mounted on filter 
paper. Two-dimensional chromatograms were prepared by the ascend- 
ing technique, butanol-acetic acid-water being used as the first solvent and 
collidine-water as the second solvent. Radioautographs were prepared in 
order to show the position of the radioactive substances. Two of these 
were shown to correspond exactly with the positions taken up by added 


‘Fink, K., and Fink, R. M., Sctence, 108, 358 (1948). 
* Taurog, A., and Chaikoff, I. L., J. Biol. Chem., 169, 49 (1947). 
* Taurog, A., Tong, W., and Chaikoff, I. L., Nature, in press. 
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diiodo-pL-tyrosine and monviodo-pL-tyrosine, as determined by spraying 
with diazotized sulfanilic acid. The conditions used here were not suit- 
able for location of the thyroxine fraction but were chosen primarily to 
yield a good separation of the mono- and diiodot yrosine fractions. 


TCA-insoluble iodine hydrolyzed and chromatographed 
on filter paper 


Monoiodo- Diiodo- Inorganic Unidentified 
Interval after isi taken tyrosine tyrosine iodine spot 
injection up by 
thyroid — Counts Counts Counts Counts Counts 
r sec sec. > . 
» x 16 x 10? x 10 xX 16 
10 min. ae OS 8.8 3.3 
0.67 2.4 11.6 3.5 6.0 10.4 3.0 2.4, 4.4 
25 Ars. 24.2 2.3, 9.4 |6.1 19.2 14.4 19.1] S.4 17.6 5.6 20.0 


The table presents our data on the specific activities of several different 
iodine fractions prepared with thyroids of rats that had been injected 
with I. It is clear that 10 minutes after the I injection the monoiodo- 
tyrosine iodine has a higher specific activity than the diiodotyrosine io- 
dine; this finding indicates that the monoiodotyrosine could not have 
arisen from diiodotyrosine during the hydrolysis. In 24 to 48 hours, the 
specific activity of the monoiodotyrosine iodine drops below that of the 
diiodotyrosine. These findings are well in accord with the view that the 
former is a precursor of the latter. 

It should also be noted (see the table) that monoiodotyrosine forms an 
appreciable fraction of the total iodine in the hydrolysate. At least 15 
per cent of the iodine is present in this form. The inorganic iodine which 
appears in the hydrolysate most likely arises from the breakdown of or- 
ganic iodine. 


Division of Physiology Aivin TawuroG 
University of California Medical I. L. Cuarkorr 
School W. Tone 
Berkeley 
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SOME CONDITIONS WHICH AFFECT THE ASSAY OF VITAMIN 
Bye WITH LACTOBACILLUS LACTIS DORNER 
Sirs: 

Using a medium containing acid-hydrolyzed casein and tomato juice for 
the assay of the antipernicious anemia factor,':* we found the responses 
of Lactobacillus lactis Dorner (ATCC 8000) to be very irregular. Skeggs 
et al.® have cited difficulties with this organism. Use of a tomato juice- 


yeast extract-skim milk medium‘ for stock cultures instead of yeast ex- 
tract-glucose agar improved the results, but it was not until further study 


Per cent transmissiont 
Liver extract solids* 


injectable, per 10 mil Autoclaved 15 min. Autoclaved 3 min 
basal medium 
18 X 150 mm. 23 X 150 mm. 18 X 150 mm. 23 X 150 mm. 
me. 
0 44.5 412.0 83.0 97.5 
0.001 45.0 41.5 63.0 91.5 
0.002 45.0 38.5 69.0 85.5 
0.004 45.0 35.5 46.0 75.0 
0.010 45.0 39.5 39.0 59.0 
0.020 47.0 46.5 40.0 48.5 


Medium, 10 ml. of full strength medium contain 0.05 gm. of acid-hydrolyzed 
casein,$ 2.0 mg. of L-cystine, 1.0 mg. of pL-tryptophan, 100 mg. of glucose, 60 mg. 
of anhydrous sodium acetate, 0.5 ml. of filtered tomato juice, 0.1 mg. each of ade- 
nine, guanine, and uracil, 0.05 ml. each of Salts A and B,} 10 y of niacin, 4 y of pyri- 
doxamine dihydrochloride, 2 y each of riboflavin, thiamine hydrochloride, and eal- 
cium pantothenate, 1 y of p-aminobenzoic acid, 0.02 y of folie acid, 0.02 y of biotin, 
and NaOH to pH 6.8. ZJnoculum, 20 to 24 hour culture grown in the basal medium 
plus 0.2 mg. of liver extract* centrifuged and resuspended in sterile saline. 1 
drop of a 1:50 dilution is added per tube. Sterilization, autoclaved 3 minutes at 
120°. Incubation, 37° for 40 hours for turbidimetric determination. 

* This extract contains 0.06 y of vitamin B,, per mg. of solids 

t Average of two tubes at each level. 

3} Greene, R. D., and Black, A., J. Biol. Chem., 166, 1 (1945). 


led to an appreciation of the réle of aerobiosis that a dependable assay for 
Vitamin By was attained.® 


'Shorb, M. S., Science, 107, 397 (1948). 

*Shorb, M. S., and Briggs, G. M., J. Biol. Chem., 176, 1463 (1948). 

*Skeggs, H. R., Huff, J. W., Wright, L. D., and Bosshardt, D. K., J. Biol. Chem.., 
176, 1459 (1948). 

* Private communication from M. S. Shorb. 

*Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K., 
Science, 107, 397 (1948). 
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We have found that maximal growth of L. lactis occurred without added 
vitamin By tn vacuo or with the addition of cysteine or sodium. thiogly- 
colate. The effect of conditions influencing the degree of acrobiosis in 
broth cultures is further indicated by data derived from the use of tubes 
of different diameters and of different autoclaving periods. When 10 
ml. of medium were autoclaved for 15 minutes, maximal growth occurred 
without the addition of vitamin By sometimes in 23 & 150 mm. tubes and 
always in IS K 150 mm. tubes. Using 3 minute autoclaving in 23 x 
150 mm. tubes, we have obtained consistent assays for vitamin By in 
various liver and fermentation preparations comparable to results ob- 
tained with L. leichmannii (ATCC 4797) by a procedure similar to that 
published. Shive ef have reported, among other conditions, the 
effects of enzymatic casein hydrolysate and ascorbie acid on the growth of 
L. lactis. An enzymatic casein digest would not completely replace 
tomato juice in our medium. 

In confirmation of the report of Shorb* we found almost com- 
plete growth suppression of vitamin By activity (evels of 0.5 to 40 mugm. per 
tube) by folic acid at 5.0 y per tube and detectable inhibition at 0.5 ¥. 
Aminopterin was almost completely inhibitive at 0.5 y, whereas teropterin 
and N*-methylpteroic acid were not antagonistic at 5.0 These effeets 
were common to both L. dactis and L. lerchmannit. 


Division of Development Ricuarp D. Greene 
E. R. Squibb and Sons ABRAHAM J. Brook 
New Brunswick, New Jersey R. B. McCormack 
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* Shive, W., Ravel, J. M., and Eakin, R. k., J. Am. Chem. Soc., 70, 2614 (1948). 
7 We are indebted to Dr. E. L. R. Stokstad of the Lederle Laboratories for these 


compounds. 
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CRYSTALLINE VITAMIN By COMPARED TO ANTIPERNICIOUS 
ANEMIA LIVER EXTRACT FOR PIG GROWTH 
Sirs: 

Crystalline vitamin By' promotes a growth response when injected into 
baby pigs fed a “synthetic milk” diet containing an isolated soy bean pro- 
tein? as the nitrogen source. ‘The response of baby pigs on this diet to 
antipernicious anemia liver extract® has been reported previously. In 
the present experiment thirteen 2 day-old baby pigs were depleted on the 
same diet for twenty-one days and were then divided into three groups. 
In Group 1, four pigs received by injection 2 y of crystalline vitamin By, 
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per day. In Group 2, four pigs received by injection 0.1 ml. per day of 
reticulogen,’ which assayed 19 y per ml. of vitamin By by the L. leich- 


‘Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K., 

Science, 107, 396 (1948). 

*a-Protein, The Glidden Company Chicago, Illinois. 

*Reticulogen supplied by Eli Lilly and Company, Indianapolis, Indiana. 

*Neumann, A. L., Krider, J. L., and Johnson, B. C., Proc. Soc. Exp. Biol. and 
Med., 69, 513 (1948). 

* Generously supplied by Merck and Company, Inc., Rahway, New Jersey, through 
the courtesy of Dr. D. F. Green. 
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mann procedure of Skeggs et al... Two pigs died during the depletion 
period, leaving three to continue on the basal ration. The figure shows 
the average growth responses of the pigs in the three groups. 

The graphs show no difference between the response to crystalline vi- 
tamin By at 2 7 per day and the response to reticulogen at 0.1 ml. per day. 
This level of reticulogen given intravenously should be maximal, since the 
previous work* had shown a maximal growth response to the oral ad- 
ministration of 0.25 ml. per day. 

The equality of growth response of baby pigs to crystalline vitamin 
By and to antipernicious anemia liver extract is similar to the chick data 
reported by Ott et al.’ and by Lillie et al.,* and indicates that vitamin 


By is the limiting deficiency in our basal diet and is the factor which is. 


being supplied by the antipernicious anemia liver extract. 

Three pigs died on the deficient diet. All these pigs showed definite 
gross symptoms, including marked loss of appetite, hind quarter incoor- 
dination, unsteadiness, and a tendency to roll over onto the side or back. 


Division of Animal Nutrition bB. Connor Jounson 
University of Illinois A. L. NeuMANN 
Urbana 
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* Skeggs, H. R., Huff, J. W., Wright, L. D., and Bosshardt, D. K., J. Biol. Chem., 
176, 1459 (1948). 

7 Ott, W. H., Rickes, E. L., and Wood, T. R., J. Biol. Chem., 174, 1047 (1948). 

* Lillie, R. J., Denton, C. A., and Bird, H. R., J. Biol. Chem., 176, 1477 (1948). 
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THE INFLUENCE OF INSULIN AND ADRENAL CORTICAL 
COMPOUNDS ON THE METABOLISM OF RADIOACTIVE 
C'-GLUCOSE IN THE ISOLATED RAT DIAPHRAGM* 


Strs: 
Gemmill' first showed that insulin can give a striking increase in deposi- 


tion of glycogen from glucose in the isolated rat diaphragm. This has 
been amply confirmed. The diaphragm effect is the only clear cut in- 


Assays performed in the usual Warburg equipment; approximately 300 mg. of 
diaphragm per vessel; sections from each diaphragm divided among all the vessels; 
tissue from 100 to 130 gm. of female albino rats fasted 24 hours. 2 hour incubations 
under O, at 38° with shaking at 130 cycles per minute; Ringer’s phosphate suspend- 
ing medium, total volume 4.0 ml. Glucose 0.02 m final, insulin 0.1 units per ml., 
corticosteroids 10 y per ml. C™-glucose prepared from C¥O, by photosynthesis 
in the tobacco leaf. Zn insulin erystals supplied by Armour and Company, desoxy- 
corticosterone by the Schering Corporation. All the figures in the table are in 
terms of 100 mg. of wet weight of diaphragm. The values in parentheses are ab- 
solute; the others under analytical are relative, with the control as 100. 


_ 


Analytical values Total relative radioactivity*® 


Experiment 


Oxygen usedt Glucose used Glycogen 
(0.30 ml.) | (0.97 mg.) (0.29 mg.) 
Control 100 100 100 300 ae 
Insulin 93 145 242 430 23 | 
Corticosterone 97 | 102 103 300 0 36 
terone | | 
Corticosterone- 144 41200 77 
insulin? | 


terone-insulint 


* Counts of CO, as BaCO;, and glycogen and glucose as such, measured at densi- 
ties of 1.7 to 2.8 mg. per sq. em., corrected to infinite thickness, specific activities, 
and relative total counts (Armstrong, W. D., and Schubert, J., Anal. Chem., 20, 
270 (1948)). 

t R.Q. approximately 0.90 in all experiments. 

{ Both corticosterone and desoxycorticosterone were used as the free sterols, 
not as the acetate ester. 


sulin action of any magnitude which has been verified in an isolated mam- 
malian tissue. Recently it was reported? that in the diaphragm desoxy- 
* Aided by a grant from the United States Public Health Service. 


*Gemmill, C. L., Bull. Johns Hopkins Hosp., 66, 232 (1940); 68, 329 (1941). 
*Verzar, F., and Wenner, V., Biochem. J., 42, 35, 48 (1948). 
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corticosterone, corticosterone, and certain related compounds may prevent 
the usual accumulation of glycogen from glucose and also antagonize the 
insulin-enhancing effect. 

We have followed the distribution of radioactive C'-glucose in the iso- 
lated diaphragm of normal rats under the influence of insulin, desoxy- 
corticosterone, and corticosterone. The results of a typical experiment 
are summarized in the table. A 2- to 3-fold increase in the radioactivity 
of the glycogen is obtained with insulin, mirroring the increase of glycogen 
found by analysis. This shows that the insulin accelerates the normal 
metabolic pathway from glucose to glycogen rather than stimulating a 
glycogenesis from other sources. We have found with insulin a small 
but consistent increase in the radioactivity of the CO, showing an in- 
fluence of the hormone on the over-all combustion of glucose. 

Desoxycorticosterone and corticosterone, to a lesser extent, inhibited 
glycogen deposition in confirmation of the results of Verzar and Wenner. 
With both substances the radioactivity of the glycogen was decreased to 
about the same degree as the drop in the glyeogen-formed values. The 
mechanism could involve an inhibition of glycogen synthesis or an accel- 
eration of glycogenolysis. If the latter is true, the compounds at least 
are not stimulating total combustion, as evidenced by the lack of in- 
creased activity in the CO, fraction. It is noteworthy that cortical-gly- 
cogen antagonism took place without appreciably disturbing the respira- 
tion or glucose utilization rates. 

It can be seen that under our experimental conditions only a fairly 
small percentage of the utilized glucose appears as glycogen and CO). 
To what extent the lost fraction is glucose itself in the tissue or carbohy- 
drate intermediates has not yet been determined. No trace of activity 
appeared in the fat fraction (fatty acid plus non-saponifiable ether solu- 
bles) under any of the experimental conditions employed. 

Scripps Metabolic Clinic Grant R. BARTLETT 


La Jolla, California Arne N. Wick 
Karon M. MackKar 
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QUINOLINIC ACID EXCRETION BY THE RAT RECEIVING 
TRYPTOPHAN 


Sirs: 


The administration of large amounts of tryptophan to rats results in the 
excretion of nicotinic acid and related compounds in the urine.’ One 
such product was reported by Singal ef al? to have nicotinic acid activity 
for Lactobacillus arabinosus when the urine was autoclaved for 15 
minutes at 15 pounds pressure with an equal volume of 2 N hydrochloric 
acid. They reported the preparation of concentrates of the acid-labile 
compound and suggested that it was a precursor of nicotinic acid. Early 
in the investigations reported here the interesting observation was made 
that autoclaving urine with glacial acetic acid for less than | hour was as 
effective in producing nicotinic acid activity as prolonged autoclaving 
with 1 N hydrochloric acid or concentrated acid or alkali. This behavior 
suggested that a non-hydrolytie change was involved and led to the con- 
clusion, supported by the data presented below, that the compound was 
quinolinie acid (pyridine-2 ,3-dicarboxylie acid). 

Quinolinic acid was isolated from the urine of rats consuming a nico- 
tinic acid-deficient ration similar to that employed by Hankes et al.,4 but 
containing 2.5 per cent of pL-tryptophan. The activity was followed 
during fractionation by chemical and microbiological determinations of 
the nicotinic acid after autoclaving with acetie acid. The isolation pro- 
cedure involved (1) adsorption on norit from acid solution, (2) elution 
with 0.1 N ammonium hydroxide, (3) extraction of the acid with meth- 
anol, (4) chromatographing on activated alumina with dilute ammonium 
hydroxide as a developing solvent to obtain the ammonium salt, and (5) 
treatment with Amberlite IR-100 Hl to give the free acid. The latter 
was then crystallized from 40 per cent acetic acid. 

The isolated compound had the theoretical nicotinic acid activity fol- 
lowing decarboxylation, as measured by microbiological and chemical 
methods. The rates of decarboxylation on autoclaving with | N hydro- 
chlorie acid and acetic acid were the same as those for synthetic qrino- 


' Rosen, F., Huff, J. W., and Perlzweig, W. A.. J. Biol. Chem., 163, 344 (1946). 
*Singal, 8S. A., Briggs, A. P., Sydenstricker, V. P., and Littlejohn, J. M., J. Biol. 
Chem., 166, 573 (1946). 
* Henderson, L. M., and Hankes, L. V., Proc. Soc. Exp. Biol. and Med., 10, 26 
1949). 


* Hankes, L. V., Henderson, L. M., Brickson, W. L., and Elvehjem, C. A., J. Biol. 
Chem., 174, 873 (1948). 
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linic acid. The isolated compound began to sublime at 166 and 
changed to a new crystalline form (nicotinic acid) with the evolution of 
gas at ISS8-190°. When heated rapidly, it melted completely at 232-237° 
with sublimation. Authentic quinolinic acid, alone or mixed with the 
isolated compound, behaved in the same manner. Following treatment 
with acetic acid, nicotinic acid was isolated and identified by melting 
point and mixed melting point. The dimethyl ester (mp. 53°54°)' was 
prepared and melted at 53-55°. The ester prepared from authentic quin- 
olinic acid melted at 53-54°; the mixed melting point was 53. 54.5". 

In other experiments® it was found that 0.1 to 0.25 mM of quino- 
linic acid was excreted by rats following the intraperitoneal injection of 
1 ms of L-tryptophan, or of 3-hydroxyanthranilic (2-amino-3-hydroxy- 
benzoic) acid, daily in five equal doses. Quinolinic acid has been reported 
to lead to N'-methylnicotinamide excretion’ and to relieve nicotinic acid- 
tryptophan deficiency in the rat.’ These findings suggest that quino- 
linic acid arises from 3-hydroxyanthranilic acid, an intermediate in the 
conversion of tryptophan to nicotinic acid by Neurospora,” and probably 
by the rat." Oxidative opening of the benzenoid nucleus in the 3,4 posi- 
tion and reclosure through the amino group would account for this trans- 
formation. 


Division of Biochemistry I, M. Henverson 
Noyes Laboratory of Chemistry 

University of Illinois 
Urbana 
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* Kindly supplied by Dr. H. A. Lardy, University of Wisconsin. 

* All melting points were determined on the Kofler micro block. 

™ Meyer, H., Monatsch, 22, 577 (1901). 

* Unpublished data. 

* Ellinger, P., Fraenkel, G., and Abdel Kader, M. M., Biochem. J., 41, 559 (1947). 
Nyc, J. F., and Mitchell, H. K., J. Am. Chem. Soc., 70, 1847 (1948). 

" Mitchell, H. K., Nye, J. F., and Owen, R. D., J. Biol. Chem., 176, 433 (1948) 
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ON THE SIGNIFICANCE OF MAGNESIUM ION FOR 
DESOXYRIBONUCLEASE ACTIVITY* 
Sirs: 

While studying the action of desoxyribonuclease' on calf thymus nucleo- 
protein and nucleic acid preparations, it was observed that the presence 
of sodium chloride reduced the relative viscosity (9,) of the solutions. 
Further observations showed that magnesium sulfate exerted a more po- 
tent effect in lowering the initial relative viscosity of the nucleic acid solu- 
tions. These initial effects make less extensive the subsequent change 
of viscosity on which estimates of enzyme activity are based. 


Changes in Relative Viscosity of Sodium Thymonucleate Solutions® 


or at min Aen Added 

7W; 3.20 2.61,¢ = 3.5 0.59 0.2 ml. 0.075 « MgSO, 
2.61, ‘* = 18 0.59 

TW; 3.09 0.9] containing 2.5 en- 

| 1.89, ** = 1] 1.20 zyme in 0.075 « MgSO, + 

1.64, ** = 2) 1.45 0.25°) gelatin 

4.94 3.82, = 3.5 1.12 0.2 ml. 0.075 MgsSo, 
3.82, ‘* = 27 1.12 

7W; 3.36 3.06, = 3 0.31 
3.05, ‘* = 15 0.31 


*48 ml. of a 0.075 per cent solution of sodium desoxyribonucleate in 0.025 m 
veronal, pH 7.5, were put into an Ostwald viscosimeter and », measured. Then 0.2 
ml. of enzyme or salt solution was added as indicated in the last column, mixed, and 
further readings of », taken. 

t We thank Dr. M. McCarty for the gift of this ealf thymus nueleie acid prepara- 
tion. 


The results presented in the table show that 0.003 Mm MgSO, alone can 
cause a drop in n, equivalent to 1 unit of activity as defined by McCarty. 
This author’s data on n, were secured by measurements made after Mg*t* 
had been added to the system. Similarly, Fischer et al? used a degraded 
magnesium nucleate as a substrate. If one calculates their values for 
the Mg** necessary to activate a cruder system than McCarty’s, it is 


* Aided by a grant from the American Cancer Society to the Department of Pre- 
ventive Medicine, recommended by the Committee on Growth of the National Re- 
search Council. 

‘McCarty, M., J. Gen. Physiol., 29, 123 (1946). 

*Fischer, F. G., Béttger, I., and Lehmann-Echternacht, H., Z. physiol. Chem., 
271, 246 (1941). 
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found that “half activity” was secured at 0.0025 m Mg** and “full ac. 
tivity’ at 0.012 Mm 

Assuming a minimum molecular weight of 4 & 10° for the enzyme, 0.) 
y (1 unit) represents 2.5 X 10°" mole. The substrate nucleic acid (ap. 
proximately 5 mg.) equals 5 & 107° mole, or, assuming the usual poly- 
nucleotide structure, 2 X available phosphoric acid group. The 
Mg** present equals 3 & 10~° equivalent. It can be seen that the Mg* 
and nucleic acid are much closer in magnitude than are the enzyme and 
Mg**. Also, it should be noted that MeCarty found 0.003 mM Mg** op- 
timal for varying amounts of enzyme while the quantity of nucleic acid 
was fired. Finally, it should be recaMed that Hammarsten’s detailed 
studies* showed that Mg** in a concentration of 0.006 \ exerted a maxi- 
mum effect on the viscosity and osmotic pressure of sodium thymonucleate 
solutions. 

It is therefore suggested that the function of Mg** or other divalent 
ions, such as Mn**, in this and other biological systems, in which an jon 
concentration of this magnitude is needed for activity, is to alter the sub- 
strate so that the enzyme system may function. The application of this 
principle to studies of several systems will be reported at a later date. 


Departments of Medicine and Physiological NorMAN WEISSMAN 
Chemistry Fisuer 
School of Medicine 
The Johns Hopkins University 
Baltimore 
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COORDINATION OF PROTEINS WITH FERROMESOPORPHYRIN 
Sirs: 

Lacking space in which to credit all who have studied those so called 
“hemochromogens” which involve proteins, we may cite arbitrarily the ob- 
servations by Bertin-Sans and Moitessier' in 1893 as exploratory antece- 
dents to the following quantitative relations. Those authors reported 
the remarkable similarity of absorption spectra given by alkaline solu- 
tions containing reduced heme and some ill defined proteins, and they 


emphasized the low concentration at which they detected a protein by 
means of such a spectrum. 


| 
EGG | 

LOG 7 PROTEIN 


Mi 


The similarity of spectra is shown in the figure. Included in the black 
area A are the optical densities per | em. for the following cases. Each 
solution contained (or data were reduced to) 0.02 ma ferromesopor- 
phyrin IX, 0.1 m NaOH, and 0.16 per cent protein. The proteins in- 
cluded were egg albumin (five times recrystallized by Dr. R. M. Herriott), 
chymotrypsinogen (three times recrystallized by Dr. Herriott), squash 
globulin (purified by Dr. Vickery), casein (Difeo Laboratories), and the 
human plasma protein fractions, albumin, y-globulin fraction II, a-glob- 
ulin fraction V-1 (from the Department of Physical Chemistry, Harvard 


' Bertin-Sans, H., and Moitessier, J., Compt. rend. Acad., 116, 401 (1893). 
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Medical School). At a concentration of 1 per cent crystalline zine insu- 
lin (Eli Lilly and Company) gave a curve falling within area A. 

Curves similar to those in area A are given by pyridine and several 
other bases but with slight shifts in the positions of the peaks. The less 
stable “‘protoheme” gives similar spectra with proteins but with peaks 
shifted to longer wave-lengths. 

Included between the dashed lines B are curves for 0.02 ma ferromeso- 
porphyrin in 0.1 m NaOH. Turbidity develops so quickly that optical 
measurements must be made rapidly. Also included is the curve for the 
same concentration of ferromesoporphyrin with 5 X 10~ per cent albu- 
min, which enhances dispersion of the solute. The upper curve is that 
for a solution to which was added 0.16 per cent pepsin (crystallized by 
Dr. Herriott). 

Bands represented in areas A were not revealed by a direct vision spec- 
troscope when relatively high concentrations of gelatin (Difco), Bacto- 
peptone (Difco), a casein hydrolysate, salmine (Lilly), or any one of sev- 
eral simple substances other than those giving the curves of area A were 
used. 

The inset of the figure (C) shows curves of two types relating the 
logarithms of protein concentrations to degree of transformation calcu- 
lated from optical densities on assumptions similar to those used in the 
series of papers entitled ‘‘ Metalloporphyrins.’” 

We shall not draw conclusions until several series of quantitative meas- 
urements shall have been completed. In the meanwhile we shall appre- 
ciate an opportunity to study such proteins, or simpler substances, 
as readers of this Letter may conceive would aid in the elucidation of the 
phenomena. In view of the low concentration of protein (about 0.01 
per cent in the case of egg albumin; see inset of figure) at which 50 per cent 
change of optical density occurs, none but reasonably pure proteins of 
known composition will serve if the phenomena are to be referred to pro- 
tein composition. 

We are grateful to those mentioned above who have contributed pro- 
teins of very high quality. 


Department of Physiological Chemistry W. MANsFIELD CLARK 
School of Medicine Joseph Harris 
The Johns Hopkins University Lawson L. RosenBerG 
Baltimore 
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? See especially Shack, J., and Clark, W. M., J. Biol. Chem., 171, 143 (1947). 
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Wiame, J. M. The occurrence and 


physiological behavior of two meta- 
phosphate fractions in yeast, 919 
Wick, Arne N. See Bartlett, Wick, and 


MacKay, 10038 
Wintrobe, Maxwell M. See (Gubler, 
Cartwright, and Wintrobe, 989 
Wittenberg, Jonathan, «ani Shemin, 


David. The utilization of glycine for 
the biosynthesis of both types of 
pyrroles in protoporphyrin, 47 
Wood, Thomas R. See Rickes, Koch, 
and Wood, 103 
See Stokes, Auditschek, Rickes, and 
Wood, 93 
Woodruff, Calvin W., Cherrington, Mary 
Ellen, Stockell, Anne K., and Darby, 
William J. The effect of pteroyl- 
glutamic acid and related compounds 
upon tyrosine metabolism in the 
scorbutic guinea pig, 861 
Wooley, Jerald G., and Murphy, Marie 
K. Metabolic studies on Es- 
cherichia coli bacteriophage. I. A 
study of desoxypyridoxine inhibition 


and its reversal, 869 
Y 

Yoder, Lester, and Thomas, B. H. 

Antirachitic sulfonation of some 

steroids, 363 
Z 

Zamenhof, Stephen, and Chargaff, 


Erwin. Evidence of the existence of 4 


core in desoxyribonucleic acids, 531 
Zirkle, Charles L. See Carter and 
Zirkle, 709 
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A Alanine—continued: 
Absorption spectrum: Blout and Fields, p - Toluenesulfony! - p - methoxy- 
335, phenyl-t-, acid halides, Carter and 
Acetic acid: bormation, glycine a-car- Hinman, 403 
bon atom, utilization, Sprinson, 529 Albumin: Blood serum, amino acids, 
3-Indole-, Lactobacillus arabinosus, Stein and Moore, 79 
nicotinamide and, growth effect, Aliphatic acid(s): Branched chain, me- 
Galston and Hand, O67 tabolism, Dziewiatkowski, Venka- 
Oxal-. See Oxalacetic acid taraman, and Lewis, 169 
Synthesis, Clostridium acidi-urici, | Allopregnanetriol-3,16,20: Chemical con- 
mechanism, Karlsson and Barker, — stitution, urine, pregnancy, Hirsch- 
Sol mann, Hirschmann, and Daus, 751 
Tri-, enzyme, hydrolyzing, purifiea- | Allothreonine: pi-, synthesis, Carter and 


Stotz, 881 Alloxan: Diabetes, blood sugar, methy- 


tion and properties, Connors and | Zirkle, 709 


Adenine: -Guanine separation, chro- | §21 
matographic, Edman, Hammarsten, ~-, ketosis, Banerjee and Bhattacharya, 
Léw, and Reichard, 395 145 

Adipic acid: a-Amino, lysine precursor, -, methylene blue effect, Highet and 
utilization by rats and bacteria, West 52] 
Geiger and Dunn, ‘ | Amino acid s): Blood Ibumi 


C'*-glucose metabolism, effect, Bart- 
lett, Wick, and MacKay, 1003 Chromatography, Moore and Stein, 53 


Age: Bone nitrogen and ash, effect, Stro- «,y-Di-, synthesis, Carter, Van Abeele, 
bino and Farr, 599 and Rothrock, 325 


Alanine: Acetyl-pi-, resolution, enzy- Mssential, excretion, protein intake ef- 
matic, L- and p-alanine preparation, | feet, Harvey and Horwitt, 953 
Fodor, Price, and Greenstein, 503 = Free, tissue, determination, chromato- 

acid hal- graphic, Awapara, 113 
ides, Carter and Hinman, 403 Kidney, intravenous administration 
Carbobenzoxy - p - methoxypheny!l -L-, effect, Awapara and Marvin, 691 
acid halides, Carter and Hinman, — 3-Lactoglobulin, Sfein and Moore, 79 
403 Liver, intravenous administration ef- 

b-, lactic acid bacteria, growth, effect, | feet, Awapara and Marvin, 69] 
Holden and Snell, “99 Muscle, intravenous administration 
— Holden, piste | effect, Awapara and Marvin, 691 


Pituitary lactogenic hormone, li, 459 
Aminoadipic acid: a-, lysine precursor, 
utilization by rats and bacteria, 


—, preparation, acetyl-pL-alanine reso- 
lution, enzymatic, Fodor, Price, and 
Greenstein, 503 


L-, preparation, acetyl-pL-alanine reso- Geiger and Dunn, 
lution, enzymatic, Fodor, Price, and Aminobenzoic acid: p-, acetylation in 
Greenstein, 503 vivo, Riggs and Hegsted, 666 

Synthesis, heavy carbon use, Baddiley, | Amino-s-hydroxy-n-butyric acid(s): a-, 
Ehrensvérd, and Nilsson, 399 synthesis, Carter and Zirkle, 709 
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Acid(s): Organic. See Organic acids ene blue effect, Highet and West, 
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Ammonia: Plant, source, Reifer and Mel- 
ville, 715 
~~, urea effect, Reifer and Melville, 

715 

Anemia: Antipernicious, liver extract, 
growth, effect, Johnson and Neu- 
mann, 1001 
Anthranilic acid: 3-Hydroxy-, nicotinic 
acid conversion from, enzymatic, 
Schweigert, 707 
Argininamide: N -Benzoy!-.-, hydrolysis, 
trypsin, crystalline, effect, Harmon 
and Niemann, 743 
Ash: Bone, age and region, effect, Stro- 
bino and Farr, 500 
Asparaginase: a-heto acid-activated, 
Greenstein and Trice, 
Aspartic acid: Formation, glycine a- 
carbon atom, utilization, Sprinson, 


Atabrine: Thiamine and cocarboxylase, 
interactions, Silverman, 423 
Azilactone(s): Carler and Hinman, 403 


Bacillus: See also Lactobacillus 
Bacteria: a-Aminoadipic acid as lysine 
precursor, utilization, Geiger and 
Dunn, S77 
Lactic acid, p-alanine and vitamin Bg, 
growth effect, Holden and Snell, 799 


—-—, growth, desoxyribosides and vi- 


tamin By, effect, Hoff-/ dérgensen, 


Benzoic acid: p-Amino. See p-Amino- 
benzoic acid 

Benzoyl-.-argininamide: N-, hydrolysis, 
trypsin, crystalline, effect, Harmon 
and Niemann, 743 

Benzoyl - p - methoxyphenyl - 1 - ala. 
nine: Acid halides, Carter and Hin- 


man, 403 
Biotin: Free and bound, proteins, release, 
Bowden and Peterson, 533 


Blood: Urea, pyridoxine effect, McGan- 
tty, McHenry, Van Wyck, and Watt, 

511 

Blood cell: Red, sedimentation by hyal- 
uronidase, lead Blackburn, 855 
Blood plasma: Inulin determination, 
photometric, Roe, Epstein, and Gold- 
stein, 839 
Lipides, hepatectomy, heat, and 8- 
chlorocthyl vesicants, effect, Chanu- 

tin and Gjessing, ] 


Blood serum: Albumin, amino acids, 


Stein and Moore, 79 
Blood sugar: Alloxan diabetes, methyl- 
ene blue effect, Highet and West, 

521 


Bone: Ash, age and region, effect, Stro- 


—, L-tryptophan utilization, p-tryp- 
tophan effect, Prescott, Schweigert, 


wd 


Lyman, and Kuiken, 723 
Sce also Clostridium, Escherichia, Leu- 
conostoc, Streptococcus 
Bacteriophage: T,, Escherichia coli, des- 
oxypyridoxine efiect, Wooley and 
Murphy, 
—, — —, metabolism, Wooley and 
Murphy, 860 
Bean: Soy, oil meal, methionine, heat ef- 
fect, Evans and Butts, 543 
—, protein, phosphorus-free, prepara- 
tion, McKinney, Sollars, and Setz- 
korn, 117 


bino and Farr, 5% 
Nitrogen, age and region, effect, Stro- 
hino and Farr, 5 
Bone marrow: Metabolism, hydrogen ion 


concentration effect, Bird and Evans, 
: 289 


525 Brain: Pyruvate metabolism, aerobic, 
7 


diphosphopyridine nucleotide effect, 
Larner, Jandorf, and Summerson, 


373 
 Butyric acid(s): a-Amino-3-hydroxy-n-, 
synthesis, Carter and Zirkle, 70 

Cc 


Calcium: Skin, excretion, Mitchell and 


Hamilton, 345 
Caproic acid: Synthesis, Clostridium 
kluyveri, mechanism, Stadtman, 
Stadtman, and Barker, 677 
Carbobenzoxy - p - methoxypheny! - t- 
alanine: Acid halides, Carter and 
Hinman, 408 


| 
| 
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Carbon: Heavy, alanine synthesis, use, 


Baddiley, Ehrensvdrd, and Nilsson, | 


399 

Carbon dioxide: Fixation, parsley root 
tricarboxylic acid synthesis, Cet- 
thaml and Vennesland, 133 
Carboxylase(s): 8-, plant, Vennesland, 
Gollub, and Speck, 301 
Vennesland, 591 
Co-, atabrine and thiamine, interac- 


tions, Silverman, 423 


Oxalacetic, plant, Vennesland, 591 
—, —, determination and properties, 
Vennesland, Gollub, and Speck, 301 
Carboxylic acid(s): Tri-, cycle, Krebs, 
oxidation, malonate effect, Pardee 
and Potter, 241 

--, parsley root, synthesis, carbon di- 
oxide fixation, Ceithaml and Vennes- 
land, 133 
Carboxypeptidase: Inhibitors, structural 


requirements, Elkins-Kaufman and | 
Neurath, 645 


Casein: Iodo-, radioactive, preparation, 


Hamilton, Power, and Albert, 213 


Oxidized, methyl groups, homocystine 
methylation, use, Bennett, 163 
Catalase: Nitrite oxidation, coupled, ef- 


fect, Heppel and Porterfield, 519 | 


Cathepsin: II, kidney, fasting effect, 
Schultz, 451 

—, liver, fasting effect, Schultz, 451 
Cation(s): Oxalacetic acid decarboxyla- 


tion, effect, Speck, 315 | 


Chioroethyl: 8-, vesicants, blood plasma 
lipides, effect, Chanutin and Gies- 
sing, ] 


Cholestenone: A‘: * , metabolism, Anker 


and Bloch, O71 
Chondroitin: Sulfate, synthesis, sulfate 
sulfur utilization, radioactive sulfur 

in study, Deiewiatkowski, Benesch, 
and Benesch, 031 
Clostridium acidi-urici: Acetic acid syn- 
thesis, mechanism, Karlsson and 
Barker, 891 
Uric acid decomposition, mechanism, 
Karlsson and Barker, 891 
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| Clostridium kluyveri: Caproic acid syn- 
thesis, mechanism, Stadtman, Stadt- 
man, and Barker, 677 

Valerie acid synthesis, mechanism, 
Stadtman, Stadtman, and Barker, 


677 
| Cocarboxylase: Atabrine and thiamine, 
| interactions, Silverman, 423 
' Cotton: Fabric, aminized and phosphor- 
| ylated, ion exchange, oil seed proteins, 
| preparation, use, Hoffpauir and 

Guthrie, 207 


Creatine: Liver, muscle dystrophy, vita- 
min E deficiency, Heinrich and 
Mattill, 911 

Cystine: Homo-. See Homocystine 

Cystinuria: Mereapturic acid formation, 


| Binkley, 811 
| Cytidine: Deamination, acid solution, 
| Loring and Ploeser, 439 


| Preparation, yeast nucleic acid, acid 
| hydrolysis, Loring and Ploeser, 439 
_ Cytochrome: c, reduction, xanthine oxi- 
dase effect, Horecker and Heppel, 
| 683 
D 
Desoxypyridoxine: “Lscherichia coli T; 
bacteriophage, effect, Wooley and 
Murphy, S6Y 
Desoxyribonuclease: Magnesium ion ef- 
fect, Weissman and Fisher, 1007 
Desoxyribonucleic acid(s): Core, Za- 
menhof and Chargaff, 531 
Desoxyribose: Phosphate ester, desoxy- 
ribose nucleoside synthesis, enzy- 
matic, Friedkin, Kalckar, and Hoff. 
J érgensen, 527 
Desoxyribose nucleoside: Synthesis, en- 
| zymatic, with desoxyribose phos- 
phate ester, Friedkin, Kalckar, and 
| Hoff-J érgensen, 527 
Desoxyriboside(s): Lactic acid bacteria, 
growth, effect, Hoff-J@rgensen, 525 
Diabetes: Alloxan, blood sugar, methy- 
lene blue effect, Highet and West, 
521 
~—-, ketosis, Banerjee and Bhattacharya, 
145 
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Diabetes—continued: 
Alloxan, methylene blue effect, Highet 
and West, 521 


Diamino acid(s): a,7-, synthesis, Car- 


ter, Van Abeele, and Rothrock, 325 — 


Diaphragm: C'*-Glucose metabolism, in- 
sulin and adrenal cortex compounds, | 


effect, Bartlett, Wick, and MacKay, 
1008 


Dihydrodiphosphopyridine nucleotide: 
Oxygen and, electron transport, in- 


organic phosphate — esterification 
coupled to, Friedkin and Lehninger, 

611 

Lehninger, 625 
Diketohexanoic acid: 3,5-, and é-lactone, 
metabolism, tissue homogenates, 
Meister, 577 


Diphosphopyridine nucleotide: Brain 
pyruvate metabolism, aerobic, effect, 
Larner, Jandorf, and Summerson, 

373 


Enzyme(s): resolu 
tion, L- and p-alanine preparation, 
Fodor, Price, and Greenstein, OB 

Desoxyribose nucleoside synthesis with 
desoxyribose phosphate ester, Fried- 
kin, Kalckar, and Hoff-J érgensen, 

527 
3-Hydroxyanthranilic acid conversion 
to nicotinic acid, Schweigert, 707 

Plant, «-hydroxy acid oxidation, effect, 
Clagett, Tolbert, and Burris, 977 

Triacetic acid-hydrolyzing, purifica- 
tion and properties, Connors and 
Stotz, SS] 

See also Asparaginase, Carboxylase, 
Carboxypeptidase, Catalase, Cathep 
sin, Cocarboxylase, Desoxyribonu 
clease, Glutaminase, Hyaluronidase, 
Oxidase, Phosphatase, Trypsin, Ty- 
rosinase 

Equilin: Determination, sulfuric acid 


reaction, use, Umberger and Curtis, 
275 


Erythrocyte: See Blood cell, red 
Escherichia coli: T, bacteriophage, des- 


oxypyridoxine effect, Wooley and 
Murphy, 369 
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Escherichia coli— continued: 
T: bacterophage, metabolism, Wooley 
and Murphy, 869 
Estradiol: a-, determination, sulfuric 
acid reaction, use, Umberger and 
Curtia, 75 
urine, stallion, identification and 
isolation, Levin, 209 
8-, determination, sulfuric acid reac. 
tion, use, Umberger and Curtis, 275 
Estrogen (s): p-Phenylazobenzoy] esters, 
separation, Umberger and Curtis, 25 
Urine, zine-hydrochloric acid hydroly. 
sis, effect, Stimmel, 217 
Estrone: Determination, sulfuric acid 
reaction, use, Umberger and Curtis, 


275 
F 

Fasting: Kidney cathepsin II, effect, 
Schultz. 45] 
Liver cathepsin II, effect, Schuliz, 
451 

Fatty acid(s): Unsaturated, oxidation, 
scurvy, Abramson, 179 
Ferromesoporphyrin: Proteins, coordi- 


nation, Clark, Harris, and Rosenberg, 
G 


Globulin(s): 8-Lacto-, amino acids, Stein 
and Moore, 79 

Glucose: C'*-, diaphragm, metabolism, 
insulin and adrenal cortex com- 
pounds, effect, Bartlett, Wick, and 
Mackay, 1008 

Glutamic acid: Pteroy!..  Sce Pteroyl 
glutamic acid 


Glutaminase: @ - Keto acid — activated, 
Greenstein and Price, 695 
Kidney, phosphate-activated, Errera 
and Greenstein, 495 
Liver, Errera, 4S 
Tissue, phosphate-activated, Frrera 
and Greenstein, 495 


Glycine: a-Carbon atom, acetic and a 
partic acid formation, utilization, 
Sprinson, 529 


Metabolism, pteroylglutamic acid ef- 
fect, Totter, Amos, and Keith, nad 
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Glycine—continued: 

Protoporphyrin pyrroles, biosynthesis, 
use, Wittenberg and Shemin, 47 
Serine conversion from in vivo, Sakamt, 
519 
Growth: Antipernicious anemia liver 
extract, effect, Johnson and Neu- 
mann, 1001 
Factors, Leuconostoc citrovorum and 
Lactobacillus leichmannii, separa- 
tion, electrolytic, Lyman and Pres- 
colt, 523 
Hormone, pituitary, ultracentrifuga- 
tion, Li and Moskowitz, 203 
Lactic acid bacteria, p-alanine and vi- 

tamin Bg, effect, Holden and Snell, 
799 
— — —, desoxyribosides and vitamin 
Biz, effect, Hoff-J érgensen, 525 
Lactobacillus arabinosus, 3-indoleacetic 
acid and nicotinamide, effect, Gals- 
ton and Hand, 067 

— casei, Rickes, Koch, and Wood, 


103 
— —, factors affecting, Stokes, Kodit- 
schek, Rickes, and Wood, 93 


Vitamin By, crystalline, effect, John- 
son and Neumann, 1001 
Guanine: -Adenine separation, chro- 
matographic, Edman, Hammarsten, 


Léiw, and Reichard, 395 

H 
Heat: Blood plasma lipides, effect, 
Chanutin and Gjessing, l 


Hemoglobin: Met-. See Methemoglobin 
Hepatectomy: Blood plasma lipides, ef- 
fect, Chanutin and Gjessing, l 
Hexanoic acid: 3,5-Diketo-, and 6-lac- 
tone, metabolism, tissue homoge- 
nates, Meister, 577 
Homocystine: Methylation, methionine 
sulfone methy! groups, use, Bennett, 


163 
oxidized casein methy! groups, use, 
Bennett, 163 


Hyaluronidase: Blood cell, red, sedimen- 
tation, lead réle, Blackburn, 855 


Hydroxy acid(s): «-, oxidation, plant en- 
zymes, effect, Clagett, Tolbert, and 
Burris, 


977 
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Hydroxyanthranilic acid: 3-, nicotinic 
acid conversion from, enzymatic, 
Schweigert, 707 

Hypophysis: See Pituitary 

Hypoxanthine: Metabolism, Getler, Roll, 
Tinker, and Brown, 259 


I 


Indoleacetic acid: 3-, Lactobacillus arab- 
tnosus, nicotinamide and, growth 
effect, Galston and Hand, 967 

Insulin: Diaphragm C'*-glucose metab- 
olism, effect, Bartlett, Wick, and 


Mac Kay, 1003 
Inulin: Blood plasma, determination, 
photometric, Roe, Epstein, and Gold- 
stein, §39 
Urine, determination, photometric, 
Roe, Epstein, and Goldstein, 839 
Iodocasein: Radioactive, preparation, 


Hamilton, Power, and Albert, 213 
Ion: Exchange, cotton fabrics, aminized 
and phosphorylated, oil seed pro- 
teins, preparation, use, Hoffpauir 
and Guthrie, 207 
Iron: Absorption, pyridoxine effect, 
Gubler, Cartwright, and Wintrobe, 
989 
Skin, excretion, Mitchell and Hamil- 


ton, 345 

K 
Keto acid: a-, asparaginase, effect, 
Greenstein and Price, 695 


—, glutaminase, effect, Greenstein and 


Price, 695 
Ketosis: Alloxan diabetes, Banerjee and 
Bhattacharya, 145 


Kidney: Amino acid absorption, intra- 
venous administration effect, Awa- 
para and Marvin, 

Cathepsin IT, fasting effect, Schultz, 
451 
Glutaminase, phosphate-activated, Er- 
rera and Greenstein, 495 


L 


Lactic acid: Bacteria, v-alanine and vi- 
tamin Bs, growth effect, Holden and 
Snell, 


799 
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Lactic acid—continued: 
Bacteria, growth, desoxyribosides and 
vitamin By, effect, Hoff-J¢rgensen, 
525 
-, L-tryptophan utilization, p-trypto- 
phan effect, Prescott, Schweigert, 
Lyman, and Kuiken, 727 
Lactobacillus arabinosus: 3-Indoleacetic 
acid and nicotinamide, effect, Gals- 


ton and Hand, 967 
Lactobacillus casei: Growth, Rickes, 
Koch, and Wood, 103 


- factors, Stokes, Koditschek, Rickes, 
and Wood, 93 
Lactobacillus lactis: Vitamin B,, deter- 
mination, use, Greene, Brook, and 
McCormack, 999 
Lactobacillus leichmannii: Growth fac- 
tors, separation, electrolytic, Lyman 


and Prescott, 523 
Lactogenic hormone: Pituitary, Li, 459 
—, amino acids, Li, 459 


Lactoglobulin: 8-, amino acids, Stein and 
Moore, 79 
Lead: Blood cell, red, sedimentation by 
hyaluronidase, role, Blackburn, 855 
Leuconostoc citrovorum: Growth fac- 


tors, separation, electrolytic, Lyman | 


and Prescott, 523 
Lipide(s): Blood plasma, hepatectomy, 


heat, and 8-chloroethyl vesicants, 


effect, Chanutin and Gyessing, l 
Phosphorylation, stimulation, chemical 
constitution, relation, Cornatzer and 
Artom, 775 
Tissue, extraction, purification, and 
hydrolysis, McKibbin and Taylor, 17 
—, nitrogenous constituents, UcKibbin 
and Taylor, 17, 29 
—, sphingosine determination, WeKib- 
bin and Taylor, 29 


Liver: Amino acid absorption, intraven- | 
ous administration effect, Awapara 


and Marvin, 691 
Antipernicious anemia extract, growth, 
effect, Johnson and Newmann, 
Cathepsin IT, fasting effect, Schultz, 
151 
Creatine, muscle dystrophy, vitamin 
I. deficiency, Heinrich and Mattill, 
911 


1001 | 
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Liver—continued: 
Glutaminase, Frrera, 183 
Regenerating, ovariectomy effect, Szego 
and Roberts, 897 
L-Tyrosine oxidation, effect, Sealock 
and Goodland, 939 
Urea formation, various compounds, 
effect, Bernheim and Bernheim, 3 
See also Hepatectomy 
Lymphoid tissue: Proteins, biochem. 
istry, Roberts and White, 151 
Lysine: a-Aminoadipic acid as precursor, 
utilization by rats and bacteria, 
Geiger and Dunn, 877 


Magnesium: lon, desoxyribonuclease, 
effect, Weissman.and Fisher, 1007 
Malonate: Krebs tricarboxylic acid ey- 
cle, oxidation, effect, Pardee and 
Potter, 24] 
Mercapturic acid(s): Formation, cysti- 
nuria, Binkley, 811 
Metaphosphate: Yeust, Wiame, 919 
, formation, potassium ion effect, 
| Schmidt, Hecht, and Thannhauser, 
| 733 
Methemoglobin: Denaturation by ure- 
thanes and salicylate, temperature 
and hydrostatie pressure, effect, 
Schlegel and Johnson, 251 
Methionine: Soy bean oil meal, heat 
| effect, Evans and Butts, 543 
Methionine sulfone: Methy! groups, 
homocystine methylation, use, Ben- 
nell, 163 
Methylene blue: Alloxan diabetes, blood 
sugar, effect, Highet and West, — 321 
effect, Highet and West, — 321 


Microorganism (s): v-Alanine, Holden, 
Furman, and Snell, 789 


Vitamin Be, Holden, Furman, and Snell, 


789 

Mineral(s): Skin, excretion, Mrtchell 
and Hamilton, 345 

| Monoiodotyrosine: Thyroid, Taurog, 


Chaikoff, and Tong, 
Muscle: Amino acid absorption, intra- 
venous administration effect, Awa 
para and Marvin, 641 


| 
| 


| 
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Muscle continued Nucleotide(s)—continued: 
Dystrophy, vitamin FE deficiency, Ribo-, pyrimidine, absorption spectra, 
liver creatine, Heinrich and Mattill, ultraviolet, Ploeser and Loring, 431 
911 | 
| 
N 
Oil: Meal, soy bean, methionine, heat 
Nicotinamide: Lactobacillus arabinosus, effect, Evans and Butts, 5AS 
3-indoleacetic acid and, growth ef- Seed, proteins, aminized and _ phos- 
fect, Galston and Hand, G7 phorviated cotton fabric, ion ex- 
Nicotinic acid: 3 - Hydroxyanthranilic change, use in preparation, Hoff- 
acid conversion to, enzymatic, | pauir and Guthrie, 207 
Schweigert, 707 | Organic acid(s): Tobacco leaves, metab- 
Nitrate: Msters, inorganic, metabolism, | olism, Pucher and Vickery, 557 
Heppel and Porterfield, 5419 | Orthophosphate: Yeust, absorption, po- 
Nitrite: Esters, inorganic, metabolism, | tassium ion effect, Schmidt, Hecht, 
Heppel and Porterfield, 549 | and Thannhauser, 733 
Oxidation, coupled, peroxide-forming | Ovariectomy: Liver, regenerating, effect, 
systems and catalase, eflect, Heppel | Szego and Roberts, 827 
and Porterfield, 549 Oxalacetic acid: Decarboxylation, cation 
Nitrogen: Bone, age and region, eflect, | effect, Speck, 315 
Strobino and Farr, 500 Oxalacetic carboxylase: Plant, Vennes- 
Skin, excretion, Mitchell and Hamil- land, 591 
ton, 345 | , determination and _ properties, 
Nitrogenous constituents: Tissue lipides, — Vennesland, Gollub, and Speck, 301 
McKibbin and Taylor, 17, 29 , Oxidase: Xanthine, cytochrome ¢ reduc- 
Nucleic acid(s): Absorption spectra, | tion, effect, Horecker and Heppel, 
infra-red, Blout and Fields, 335 — 683 
Desoxyribo-, core, Zamenhof and Char- _ Oxygen: Dihydrodiphosphopyridine nu- 
gaff, 531 | cleotide and, electron transport, in- 
Yeast, acid hydrolysis, uridine and | organic phosphate esterification 
cytidine preparation, Loring and | coupled to, Friedkin and Lehninger, 
Ploeser, 439 61) 
Nucleoside(s): Absorption spectra, in- | Lehninger, 625 
fra-red, Blout and Fields, 335 


P 


Parsley: Root, tricarboxylic acid synthe- 
sis, carbon dioxide fixation, Ceithaml 


Desoxyribose, synthesis, enzymatic, | 
with desoxyribose phosphate ester, 
Friedkin, Kalckar, and Hoff-J érgen- 


sen, 527 and Vennesland, 133 
Ribo-, pyrimidine, absorption spectra, Pentobarbital: Radioactive, metabolism, 
ultraviolet, Ploeser and Loring, 431 | Roth, Leifer, Hogness, and Langham, 
Nucleotide(s): Absorption spectra, in- 963 
fra-red, Blout and Fields, 335 | Peptidase: Carboxy-, inhibitors, struc- 


Dihydrodiphosphopyridine, oxygen tural requirements, Elkins- Kaufman 
and, electron transport, inorganic and Neurath, 645 
phosphate esterification coupled to, Peroxide: -Forming systems, nitrite oxi- 


Friedkin and Lehninger, 611 dation, coupled, effect, Heppel and 
Lehninger, 625 | Porterfield, 549 
Diphosphopyridine, brain pyruvate | Phenylazobenzoyl ester(s): p-, estro- 
metabolism, aerobic, effect, Larner, — gens, separation, Ul’mberger and 
Jandorf, and Summerson, 373 Curtis, 265 
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Phosphatase: Esters, equilibria, Meyer- 


hof and Green, 655 
Synthetic action, Meyerhof and Green, 
655 

Phosphate: Inorganic, esterification, 


coupled to electron transport be- 
tween dihydrodiphosphopyridine 
nucleotide and oxygen, Friedkin and 
Lehninger, 611 
Lehninger, 625 
Kidney, glutaminase, effect, LFrrera 
and Greenstein, 495 
Meta-. See Metaphosphate 
Ortho-. See Orthophosphate 
Phosphorus: -Free, soy bean protein, 
preparation, McKinney, Sollars, and 
Setzkorn, 117 
Pituitary: Growth hormone, ultracen- 
trifugation, Li and Moskowitz, 203 
Lactogenic hormone, Li, 459 
— —, amino acids, li, 459 
Plant(s): Ammonia, source, Reifer and 


Melville, 715 
urea effect, Reifer and Melville, 
715 

8-Carboxylase, Vennesland, Gollub, and 
Speck, 301 
Vennesland, 591 


Enzymes, a-hydroxy acid oxidation, 
effect, Clagett, Tolbert, and Burris, 
977 
Vennesland, 
591 
— —, determination and properties, 
Vennesland, Gollub, and Speck, 
301 
Porphyrin: Ferromeso-, proteins, coordi- 
nation, Clark, Harris, and Rosen- 
berg, 1009 
Metabolism, pteroylglutamic acid ef- 
fect, Totter, Amos, and Keith, 847 
Proto-, pyrroles, biosynthesis, glycine 
use, Wittenberg and Shemin, 47 
Potassium: Yeast phosphate absorption 
and formation, effect, Schmidt, 
Hecht, and Thannhauser, 733 
Pregnancy: Urine, allopregnanetriol- 
3,16,20, chemical constitution, 
Hirschmann, Hirschmann, and Daus, 
751 


Oxalacetic carboxylase, 


INDEX 


Pregnanetriol-3 16,20: Allo-, chemica) 
constitution, urine, pregnancy, 
Hirschmann, Hirschmann, and Daus. 

75) 

Progesterone: 21-C'*-, synthesis, Mae. 
Phillamy and Scholz, 37 

Prolylcysteinyltyrosine: Synthesis. 
Plentl, 4] 

Protein (s): Amino acids, essential, exere. 
tion, effect, Harvey and Horwitt 


Biotin, free and bound, release, Boy. 


den and Peterson, 533 
Ferromesoporphyrin, coordination, 
Clark, Harris, and Rosenberg, 1006 
Labile, nature, Schultz, 45) 
Lymphoid tissue, biochemistry, 
Roberts and While, 151 


Oil seed, aminized and phosphorylated 
cotton fabric, ion exchange, use in 
preparation, Hoffpauir and Guthrie, 

wi 

Soy bean, phosphorus-free, prepars. 
tion, McKinney, Sollars, and Set. 
korn, 17 

Protoporphyrin: Pyrroles, biosynthesis, 
glycine use, Wittenberg and Shemin, 

Pteroylglutamic acid: Determination, 
fluorometric, Allfrey, Teply, Geffen, 
and King, 465 

Glycine metabolism, effect, Totter, 
Amos, and Keith, 

Porphyrin metabolism, effect, Totter, 
Amos, and Keith, 8 

-Related compounds, tyrosine metab- 
olism, scurvy, effect, Woodruff, Cher. 
ringlon, Stockell, and Darby, 

Tyrosine metabolism, scurvy, effect, 


Pyridine: Dihydrodiphospho-, nucleo- 
tide, oxygen and, electron transport, 
inorganic phosphate esterification 
coupled to, Friedkin and Lehninger, — 


6) 


Lehninger, 625 
Pyridoxine: Blood urea, effect, McGan- | 


ity, McHenry, Van Wyck, and Wat 


Desoxy-. See Desoxypyridoxine 


| 
| 
| Woodruff, Cherrington, Stockell, and 
| Darby, 
| 
| 
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Pyridoxine—continued: Scurvy—-continued.: 
Iron absorption, effect, Gubler, Cart- | acid effect, Woodruff, Cherrington, 
wright, and Wintrobe, 989 | —_Stockell, and Darby, 861 
Pyrimidine(s): Substituted, bivlogical - Seed: Oil, proteins, aminited and phos- 


activity, Kidder and Dewey, 383 
Pyrimidine ribonucleoside(s): Absorp- 
tion spectra, ultraviolet, Ploeser and 
Loring, 431 
Pyrimidine ribonucleotide(s): Absorp- 
tion spectra, ultraviolet, Ploeser and 
Loring, 431 
Pyrrole: Protoporphyrin, biosynthesis, 
glycine use, Wittenberg and Shemin, 


Pyruvate: Brain, metabolism, aerobic, 
diphosphopyridine nucleotide effect, 
Larner, Jandorf, and Summerson, 

373 


Q 


Quinolinic acid: Excretion, ti 
effect, Henderson, 


Ribonuclease: Desoxy-, magnesium ion 
effect, Weissman and Fisher, 1007 
Ribonucleoside(s): Pyrimidine, absorp. 
tion spectra, ultraviolet, Ploeser and 
Loring, 431 
Ribonucleotide(s): Pyrimidi.c, absorp- 
tion spectra, ultraviolet, Ploeser and 
Loring, 431 
Ribose: Desoxy-, nucleoside, synthesis, 
enzymatic, with desoxyribose phos- 
phate ester, Friedkin, Kalckar, and 
Hoff-J érgensen, 527 
Riboside(s): Desoxy-, lactic acid bac- 
teria, growth, effect, Hoff-J érgensen, 
525 

Rickets: Steroids, antirachitic sulfona- 
tion, Yoder and Thomas, 363 


S 


Salicylate: Methemoglobin denaturation, 
temperature and hydrostatic pres- 
sure, effect, Schlegel and Johnson, 

251 

Scurvy: Fatty acids, unsaturated, oxi- 

dation, Abramson, 179 
Tyrosine metabolism, pteroylglutamic 


47 


phorylated cotton fabric, ion ex- 
change, use in preparation, Hof- 
pauir and Guthrie, 207 


Serine: Glycine conversion to, in vivo, 
Sakami, 519 
Streptococcus faecalis 
Holland and Meinke, 
Skin: Calcium exeretion, Mitchell 
Hamilton, 345 
Iron excretion, Mitchell and Hamilton, 


345 

Minerals, excretion, Mitchell and 
Hamilton, 345 
Nitrogen excretion, Mitchell and 
Hamilton, 345 
Sodium sulfate: Labeled, radioactive 


sulfur excretion and tissue con- 
centration, administration effect, 
Dziewitatkowski, 197 
Soy bean: See Bean 
Sphingosine: Tissue lipide, determina- 
tion, McKibbin and Taylor, 29 
Steroid(s): Antirachitic sulfonation, 
Yoder and Thomas, 363 
Streptococcus faecalis: Serine require- 
ment, Holland and Meinke, 7 
Sugar: Blood. See Blood sugar 
Sulfate(s): Ethereal, formation, sulfate 
source, Binkley, 821 
— sulfur utilization, radioactive 
sulfur in study, Dziewtatkowski, 
389 
-~ sulfate formation, source, Binkley, 
821 
Sulfur, utilization, chondroitin sulfate 
synthesis, radioactive sulfur as indi- 
cator, Dziewiatkowski, Benesch, and 
Benesch, 931 
—, —, ethereal sulfate formation, 
radioactive sulfur in study, Dziew- 
tatkowski, 389 
Sulfur: Radioactive, chondroitin sulfate 
synthesis, sulfate sulfur utilization, 
use in study, Dziewiatkowski, 
Benesch, and Benesch, 931 
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Sulfur—continued: 


Radioactive, excretion labeled sodium — 


sulfate administration effect, Dziew- 
tatkowski, 197 
~~, sulfate sulfur utilization, ethereal 


sulfate formation, use in study, 
Driewiatkowski, 389 
—, tissues, labeled sodium sulfate 
administration effect, Dziewwiat- 
kowski, 197 


Sulfate, utilization, chondroitin sulfate 
synthesis, radioactive sulfur as indi- 


cator, Dztewtatkowski, Benesch, and 


Benesch, 
Sulfuric acid: Iquilin determination, 


use, Umberger and Curtis, 275 
a-FEstradiol determination, use, Um- 
berger and Curtis, 275 
8-Estradiol determination, use, ('m- 
berger and Curtis, 275 


Estrone determination, use, U’mberger 
and Curtis, 275 


T 


Testosterone: 17-(Methyl-C'*')-, synthe- 
sis, MacPhillamy and Scholz, 37 
Thiamine: Atabrine and cocarboxylase, 
interactions, Silverman, 423 
Threonine: pi-Allo-, synthesis, Carter 


and Zirkle, 709 
Thyroid: Monoiodotyrosine, Taurog, 
Chaikoff, and Tong, 997 


Tissue (s): Lipides, extraction, purifica- 
tion, and hydrolysis, McKibbin and 
Taylor, 17 

—, nitrogenous constituents, McKib- 
bin and Taylor, 17, 29 
—, sphingosine determination, McKib- 
bin and Taylor, 29 

Tobacco: Leaves, organic acid salt 

solutions, culture effect, Pucher and 


Vickery, 557 
—, — acids, metabolism, Pucher and 
Vickery, 557 


nine: p-, acid halides, Carter and 
Hinman, 403 

Triacetic acid: Enzyme, hydrolyzing, 
purification and properties, Connors 
and Stotz, 881 


931 


INDEX 


Tricarboxylic acid(s): Cycle, Krebs, 
oxidation, malonate effect, Pardee 
and Potter, 241 

Parsley root, synthesis, carbon dioxide 
fixation, Ceithaml and Vennesland, 
133 

Trypsin: Crystalline, N -benzoyl-.-argini- 
namide hydrolysis, effect, Harmon 
and and Niemann, 743 

Tryptophan: b-, L-tryptophan utilization 
by lactic acid bacteria, effect, Pres. 
cott, Schweigert, Lyman, and Kuiken, 


727 
Quinolinie «acid excretion, effect, 
Henderson, 1005 


Tyrosinase: Preparation and properties, 
Lerner, Fitzpatrick, Calkins, and 
Summerson, 185 

Tyrosine: L-, oxidation, liver, effect, 
Sealock and Goodland, 434 

Metabolism, scurvy, pteroylglutamic 
acid effect, Woodruff, Cherrington, 
Stockell, and Darby, 861 

Monoiodo-, thyroid, Taurog, Chaikoff, 
and Tong, 997 

Prolyleysteinyl-, synthesis, Plentl, 41 


U 


Urea: Blood, pyridoxine effect, MeGan- 
ity, McHenry, Van Wyck, and Watt, 

511 

Formation, liver, various compounds, 
effect, Bernheim and Bernheim, %%3 
Plant ammonia, effect, Reifer and Mel- 
ville, 715 
Urethane(s): Methemoglobin denatura- 
tion, temperature and hydrostatic 
pressure, effect, Schlegel and 
Johnson, 251 
Uric acid: Decomposition, Clostridium 
acidi-uricit, mechanism, Karlsson 
and Barker, 891 
Uridine: Preparation, yeast nucleic acid, 
acid hydrolysis, Loring and Ploeser, 

439 

Urine: a-Estradiol, stallion, identifica- 
tion and isolation, Levin, 229 


Estrogens, zinc-hydrochlorie acid hy- 
217 


drolysis, effect, Sttmmel, 


| 
5 
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Urine —continued: 
Inulin determination, photometric, 
Roe, Epstein, and Goldstein, 839 
Pregnancy, allopregnanetriol-3, 16,20, 
chemical constitution, Hirschmann, 


Hirschmann, and Daus, 751 
Vv 

Valeric acid: Synthesis, Clostridium 
kluyvert, mechanism, Stadiman, 
Stadtman, and Barker, 677 
Vesicant(s): §8-Chloroethyl, blood 
plasma lipides, effect, Chanutin 
and Gjessing, l 
Vitamin(s): Bs, Holden, Furman, and 
Snell, 789 
Holden and Snell, 799 

—, lactic acid bacteria, growth, effect, 
Holden and Snell, 799 
—, microorganisms, Holden, Furman, 
and Snell, 789 
By, crystalline, growth, effect, Johnson 
and Neumann, 1001 


—, determination, Lactobacillus, lactis 
use, Greene, Brook, and McCormack, 


—, —, microbiological, Capps, Hobbs, | 
and Fox, 517 | 


Vitamin(s)—continued: 
Bis, lactic acid bacteria, growth, effect, 
Hoff-J érgensen, 525 
ki, deficiency, muscle dystrophy, liver 
creatine, Heinrich and Mattill, 911 


X 


Xanthine: Hypo-. See Hypoxanthine 
Metabolism, Getler, Roll, Tinker, and 


Brown, 259 
Oxidase, cytochrome ec reduction, 


effect, Horecker and Heppel, 683 


Y 


Yeast: Metaphosphate, Wiame, 919 
— formation, potassium ion effect, 
Schmidt, Hecht, and Thannhauser, 
733 

Nucleic acid, acid hydrolysis, uridine 
and cytidine preparation, Loring and 
Ploeser, 439 
Orthophosphate absorption, potassium 
ion effect, Schmidt, Hecht, and 
Thannhauser, 733 


Z 


Zinc: -Hydrochloric acid hydrolysis, 
urine estrogens, effect, Stimmel, 


217 
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